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Rangan, Meghana (Ph.D., Chemical and Biological Engineering) 
 
Toward catalyst design for sulfur resistant hydrocarbon reforming nickel catalysts 
 
Thesis directed by Associate Professor J. Will Medlin 
 
A combination of density functional theory (DFT) calculations and experimental studies of 
supported catalysts was used to identify H2S-resistant biomass gasification product reforming 
catalysts. DFT calculations were used to rationally design nickel-based (111) surfaces with lower 
sulfur adsorption energies and enhanced ethylene adsorption energies.  These metrics were used 
as predictors for H2S resistance and activity toward steam reforming of ethylene, respectively. 
This approach suggested that the Ni/Sn surface is highly resistant to sulfur poisoning and the 
Ni/Ru system is the most favorable for ethylene binding with a small increase in sulfur binding 
energy. The Ni/W system was also investigated as a potential sulfur resistant catalyst due to its 
effectiveness as a hydrodesulfurization catalyst. 
A series of supported bimetallic nickel catalysts (Ni/Sn, Ni/Ru and Ni/W) were prepared and 
screened under model ethylene reforming conditions and simulated biomass tar reforming 
conditions.  Ni/Ru showed higher reforming activity than pure Ni in the absence of H2S. In the 
presence of H2S, the Ni/W and Ni/Ru catalyst showed higher activity than pure Ni. The Ni/Sn 
catalyst lost less activity in the presence of sulfur than the other Ni bimetallic catalysts examined 
for this study. All three bimetallic catalysts recovered activity, on the removal of H2S, at a much 
faster rate than Ni. These trends in activity can be explained by density functional theory and 
characterization techniques including H2 chemisorption, temperature programmed reduction 
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(TPR), X-ray diffraction (XRD), scanning electron microscopy (SEM) and extended X-ray 
absorption fine structure spectroscopy (EXAFS). 
Density functional theory studies reveal that S and C2H4 adsorption are dependent on several 
factors including the adsorbate coverage, Ru concentration in the bimetallic alloy, the adsorption 
site and the homogeneity of the bimetallic alloy. Sulfur adsorption was found to be dependent on 
the density of occupied states near the Fermi level while C2H4 adsorption is dependent on the 
number of unoccupied states in the d-band.  
Experimental characterization techniques reveal that the two metals in the bimetallic alloys 
(Ni/Ru, Ni/Sn and Ni/W) are in intimate contact with each other and the addition of the second 
metal to the Ni catalyst significantly changes its properties. Ru improved the reducibility of the 
Ni catalyst while W and Sn had the reverse effect. The W in the Ni/W catalyst was found to 
oxidize in the presence of steam much more than either Ni/Sn or Ni/Ru. The catalysts were 
found to sinter under reaction conditions. 
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Chapter 1: Introduction 
1.1 Biomass Gasification 
Biomass is a regenerative (renewable) organic material that can be used to produce energy. 
In the biorefinery concept, it is possible to utilize biomass to generate a number of product and 
revenue streams that could revitalize rural economies, increase national security by reducing the 
dependence on foreign oil imports, and improve the global environment by reducing fossil fuel 
emissions, including greenhouse gases and oxides of nitrogen and sulfur[1]. Biomass sources 
include aquatic or terrestrial vegetation, residues from forestry or agriculture, animal waste and 
municipal waste. Biomass gasification is a developing technology that can be used to produce a 
product gas rich in H2 and CO[2]. More specifically, gasification of biomass produces a raw gas 
mixture composed of hydrogen (H2), carbon monoxide (CO), carbon dioxide (CO2), water 
(H2O), methane (CH4) and various light hydrocarbons along with undesirable dust (ash and 
char), tar, ammonia (NH3), alkali (mostly potassium) and some other trace contaminants as 
shown in scheme 1[3]. 
Scheme 1: 
Biomass + O2 (or H2O) → CO, CO2, H2O, H2, CH4 + other hydrocarbons  
                                      → tar + char + ash  
                                      → HCN + NH3 + HCl+ H2S + other sulfur gases  
This mixture is often referred to as “syngas”. Integrated biomass gasification combined cycles 
can then be used to generate electricity in a gas turbine or a fuel cell at higher efficiencies than 
direct biomass combustion[4]. Conditioning and upgrading the biomass gasification product gas 
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can make it a suitable feed for methanol or Fischer-Tropsch liquid synthesis[2]. Additional 
conditioning can produce an essentially pure hydrogen product gas for transportation, chemical 
production, or electricity generation in fuel cells[1]. However, the presence of tars in syngas is a 
significant impediment to the use of biomass gasification systems. Tars can condense in exit 
pipes and on particulate filters leading to blockages and clogged filters [5]. Tars also have 
varied impacts on other downstream processes.  Tars can clog fuel lines and injectors in internal 
combustion engines[4]. The product gas from an atmospheric pressure gasification process 
needs to be compressed before it is burned in a gas turbine and tars can condense in the 
compressor or in the transfer lines as the product gas cools[4]. Thus, tar needs to be broken 
down to smaller components to decrease costs and improve the carbon efficiency of the system. 
The goal of this thesis is to increase the efficiency of biofuel production by identifying 
improved catalysts for converting tar to usable syngas. 
1.2 Tar reforming techniques 
Tar is a mixture of various hydrocarbons and their derivatives including paraffins, olefins 
and aromatics[6]. The actual composition of tar depends heavily on the gasification process, the 
gasifying agent, and the feedstock composition. There are several methods to remove tars from 
syngas. The three main techniques include physical, thermal or catalytic processes. The physical 
process involves the use of filters or wet scrubbers to remove tar through gas/solid and 
gas/liquid interactions[7]. The disadvantage of this method is that tar is not destroyed and 
therefore environmentally safe disposal of tar is difficult. Thus, this method is not carbon 
efficient. The thermal process involves cracking tar at very high temperatures of over 1000C to 
convert it to lighter and less problematic species such as hydrogen and carbon monoxide[7]. 
Although tar is broken down to smaller components in this method, the high temperature 
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requires the cracking system to be constructed of expensive alloys. Most physical processes 
require the product gas temperature to be lowered to 150C or less. Gas cooling substantially 
decreases the thermodynamic efficiency of the gasification process. Catalytic processes operate 
at much lower temperatures (600 - 800C), alleviating the need for expensive alloys for 
construction of the reactor system. Adding steam, oxygen or CO2 to the catalytic reactor can 
enhance catalytic tar conversion as shown in the reactions below: 
CnHm + nH2O  n CO + (n+m/2) H2                    (1.1) 
CnHm+ nO2  (n)CO + (m/2)H2                    (1.2) 
CnHm + nCO2  (2n) CO + (m/2) H2                    (1.3) 
The addition of oxygen accelerates the destruction of primary products and inhibits the 
formation of aromatics[7]. However, once benzene rings are formed, they cannot be easily 
combusted by oxygen. Steam, on the other hand, reforms aromatics far more easily[7]. Unlike 
CO2 or O2, the addition of steam also facilitates the water gas shift reaction: 
CO + H2O  CO2 + H2                                                                          (1.4) 
Therefore, this work investigates catalytic reforming of tars in the presence of steam. 
Nickel based catalysts are known to be the effective for the steam reforming of tars. 
However, nickel based catalysts are prone to rapid deactivation due to coking[8]. They are 
poisoned by sulfur that is present in the form of H2S and other sulfates. The presence of small 
amounts of alkali (usually potassium and chlorine) also reduces the lifetime of the catalyst[8]. A 
lot of research has been devoted to identify Ni catalysts that are resistant to coking and alkali 
   4
poisoning [9-15]. This thesis largely focuses on modifying the Ni catalyst to make it more 
resistant to sulfur poisoning. 
1.3 Modified sulfur-resistant Ni catalysts for hydrocarbon reforming  
Catalyst deactivation due to sulfur poisoning is a major obstacle that impedes the efficiency 
of biofuel production from biomass gasification. Sulfur poisoning is caused by the strong 
chemisorption of sulfur that is present in several forms – mainly H2S and very small amounts of 
COS, SO2, SO3 – in syngas[16]. Due to the much higher concentration of H2S in syngas as 
compared to the other forms of sulfur, this thesis focuses largely on the deactivation caused by 
H2S. Syngas typically contains about 20-200ppm of H2S and the amount depends on the 
biomass source[16]. H2S decomposes to sulfur on the Ni catalyst surface by the following 
mechanism: 
H2S adsorption step: H2S(gas)   H2S(ads)                   (1.5) 
1st dissociation step: H2S(ads)  SH(ads) + H(ads)                  (1.6) 
2nd dissociation step: SH(ads)  S(ads) + H(ads)                   (1.7) 
 
Sulfur selectively adsorbs on the metal surface and forms metal sulfides either reversibly or 
irreversibly. On a Ni catalyst, sulfur poisoning occurs due to the formation of nickel sulfide [17-
21]. Nickel can be regenerated with steam treatment as shown below [22, 23]: 
Ni + H2S  Ni-S + H2                     (1.8) 
Ni-S + H2O  NiO + H2S                     (1.9) 
NiO + H2  Ni + H2O                   (1.10) 
There are two main approaches to deal with the issue of sulfur poisoning. The first approach 
is to modify Ni catalysts to improve their tolerance to sulfur poisoning. Another approach is the 
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upstream removal of sulfur from the gas stream. This approach is extremely complex and not 
very cost effective[24]. Thus, we took the first approach and worked on designing sulfur 
resistant Ni catalysts.  
Several studies in the past have studied the effect of catalyst modification on sulfur 
poisoning. Fujimoto et al. studied reforming of naphthalene on a Ni/MgO-CaO catalyst 
promoted with WO3[25, 26]. They concluded that increased WO3 loading led to improved 
resistance to H2S deactivation[25]. They proposed the following mechanism for improved sulfur 
tolerance: 
Ni-S + W  W-S                      (1.11) 
W-S + H2  H2S + W                      (1.12) 
They also investigated Ni/dolomite for naphthalene and toluene reforming and found that, in the 
presence of H2, deactivation of Ni/dolomite by sulfur poisoning was reversible, because the 
initial reforming activity could be regained when H2S was removed from the feed stream[27]. 
Srinakruang et al. synthesized Ni/dolomite catalysts, which they reported to be more sulfur and 
coke resistant than Ni/ Al2O3 and Ni/SiO2 catalysts in the presence of 100 ppm H2S for toluene 
and naphthalene steam reforming[27]. They also observed that the poisoning effect on 
Ni/dolomite was reversible and activity was regained when H2S was removed from the stream. 
Additionally, when the temperature was increased from 770 to 850 °C, the detrimental effect of 
H2S decreased[27]. 
Tomishige et al. gasified cedar wood chips in a fluidized bed reactor and determined 
product gas compositions obtained with a commercial Ni steam reforming catalyst and a 
Rh/CeO2/SiO2 catalyst with and without H2S[28]. Both catalysts showed a decrease in the rate 
of CO and H2 formation upon the addition of H2S, although the Rh/CeO2/SiO2 catalyst was 
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more stable than the Ni catalyst, which was severely deactivated. Although single crystal 
studies show that sulfur should strongly adsorb on both Ni and Rh, each catalyst deactivated 
differently. The authors propose the importance of a redox cycle of the active metal within the 
fluidized bed reactor, as it moves between reducing and oxidizing environments. On the Ni 
catalyst, sulfur was adsorbed on the catalyst as SO42- and Ni was oxidized to NiO. The addition 
of H2S prevented the reduction of NiO to Ni, causing the loss of reforming activity. Although 
the mechanism is not fully understood on the Rh/CeO2/SiO2 catalyst, H2S is reversibly adsorbed 
and the CeO2 component is proposed to promote the removal of sulfur adsorbed on Rh as H2S, 
COS, and SO2. 
Cheekatamarla and Lane studied sulfur-tolerant, bimetallic catalysts for the auto thermal 
reforming (ATR) of synthetic diesel and JP-8 fuel[29]. They examined bimetallic Pt-Ni/CeO2 
and Pt-Pd/Al2O3, as well as the monometallic catalysts on the respective supports. They found 
that the bimetallic catalysts had higher ATR activity and improved resistance to sulfur 
poisoning than their monometallic counterparts. The improved performance was attributed to 
structural and electronic effects, resulting in strong metal-metal and strong metal-support 
interactions. 
Lakhapatri et al. investigated the steam reforming of sulfur doped n-hexadecane on a Rh-
Ni/Al2O3 catalyst[30]. They concluded that the catalyst was stable in the presence of sulfur due 
to the spillover of sulfur from Rh to Ni as shown in Fig. 1-1. A higher Rh loading favored steam 
reforming of n-hexadecane while preventing bulk sulfide formation. 
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Strohm et al. did a comparative study of low-temperature steam reforming of jet fuel over 
Rh and Rh–Ni loaded on a CeO2-modified Al2O3 support in the absence and presence of 
different amounts of organic sulfur[32]. They found that Rh loaded on CeO2–Al2O3 support can 
promote reforming of sulfur-free or desulfurized jet fuel at <520 °C with >97% conversion to 
syngas and CH4. However, monometallic Rh/CeO2–Al2O3 catalyst deactivates by S poisoning. 
Addition of Ni by co-impregnation into the Rh/CeO2–Al2O3 catalyst leads to much higher sulfur 
tolerance. Ni was proposed to act as a protective and sacrificial metal for Rh in the Rh–
Ni/CeO2–Al2O3 catalyst. The bimetallic Rh–Ni/CeO2–Al2O3 catalyst allows for successful low-
temperature reforming of a JP-8 jet fuel containing 22 ppm sulfur for 72 h with >95% 
conversion. Temperature programmed reduction (TPR) and X-ray photoelectron spectroscopy 
(XPS) analysis revealed close Rh–Ni metal–metal interactions. The presence of Ni increases the 
temperature for Rh reduction in TPR, whereas Rh helps maintain Ni in a reduced state in an 
oxidative atmosphere. 
The influence of molybdenum on the dry reforming of methane, simultaneous sulfur 
poisoning and carbon formation over alumina-supported Ni catalysts was studied by Gonzalez 
et al. [33]. The H2S adsorption capacities of the catalysts were determined at 923 K employing a 
mixture consisting of 50 ppm H2S in a hydrogen stream. The results obtained indicate that the 
Mo promoter had a very favorable influence on the sulfur resistance of the Ni-based catalyst and 
led to a reduction in the rate of carbon deposition and the formation of graphitic species over the 
same. 
1.4 Structure-property relations in heterogeneous catalysis 
As mentioned earlier, the reactivity of a given metal catalyst can be changed by changing 
the surface structure, by alloying or by introducing additional adsorbates on to the surface. This 
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section reviews the mechanisms responsible for the variations in reactivity caused by making 
the above changes to the catalyst. The reactivity of the metal is dependent largely on its 
electronic and geometric structure. The electronic structure refers to the one electron spectrum 
of the metal states that interact with the adsorbates. The weighted average of the electron 
energies of the d-band, also known as the d-band center (d), is often used to describe the 
electronic affect[34]. The geometric effect is brought about by various factors including strain, 
facets and step/edge sites as discussed below. In a lot of cases, the geometric effects occur as a 
result of a change in the electronic structure. It can, therefore, be difficult to distinguish between 
geometric and electronic effects in a lot of cases[34]. 
1.4.1 The effect of strain 
A surface can undergo either compressive or tensile strain. This leads to either an increase 
or decrease in the overlap of d states. It is known that the d-bands move in energy to maintain a 
constant filling. Compressive or tensile strain therefore leads to downshifts and upshifts of the 
d- band centers, respectively[35, 36]. Thus, strain leads to a change in the electronic structure of 
the metal surface as shown in Fig. 1-2. 
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Small particles on an oxide support may also have a lattice constant (and thus reactivity) 
different from that of a large facet. Two factors affect react reactivity of nanosized supported 
particles: (i) the surface tension and (ii) the interaction with the support [40-43]. The former 
usually tends to decrease the lattice constant, whereas the latter may both increase or decrease 
the lattice constant. This effect will decrease with increasing particle size. 
1.4.2 Facets 
The facets on to which the adsorbate adsorbs also affect reactivity[44, 45]. For instance, Fig. 
1-5 shows CO adsorbed on a range on platinum surfaces[44]. Even though the configuration of 
CO is the same on all the surfaces, there is a variation in chemisorption potential energy. This 
can be explained in terms of the d-band center as shown in Fig 1-6[45]. The d-band center of 
the various Pt surfaces is different and therefore it is not surprising that the energy for CO 
chemisorption is different on the Pt surface. This change in d-band center occurs because the Pt 
atoms coordinated differently on the various Pt surfaces included in this study. 
  
Figure 
surface
1-5: Variou
[44]. 
s coverages of CO adso
13
rbed on different facets of the Platinum 
  
Figure 
surroun
As m
differen
coordina
neighbo
atoms[4
bonding
reformin
as show
more str
1-6: Variati
dings.[45] 
entioned ea
ce to the ele
tion numbe
rs and this r
6]. This lead
 to adsorbat
g of methan
n in Fig. 1-7
ongly bound
ons in CO c
rlier, the co
ctronic struc
r than terrac
esults in nar
s to an upsh
es. Bengaard
e on Ni(111
[47, 48]. Ste
 on these si
hemisorpti
ordination n
ture of meta
e sites. Ther
rower d-stat
ift in the en
 et al. confi
) and Ni(21
p sites have
tes than on t
14
on energy a
umber of a 
l atom. Step
efore, there
es on the ste
ergy levels o
rmed the im
1) (the (211
 lower activ
he close pac
dsorbed at
metal atom 
 and edge s
 is a smaller
p atoms as 
f the d-stat
portant role
) surface rep
ation barrie
ked Ni(111
 
op Pt atom
makes a sign
ites have a l
 overlap bet
compared to
es resulting 
 of step sites
resents a st
rs and the in
). The electr
s in differen
ificant 
ower 
ween neares
 the surface
in stronger 
 for the stea
epped surfac
termediates
onic effect c
t 
t 
 
m 
e) 
 are 
an 
  
be quan
demonst
addition
and thus
Figure 
 
tified by DF
rated by Be
 of gold to t
 prevent car
1-7: Energy
T-calculatio
senbacher e
he Ni cataly
bon deposit
 diagram fo
ns as shown
t al. that cok
st[50]. Au o
ion.  
r stream re
15
 for methan
ing of Ni ca
ccupies the 
forming of
e activation 
talysts coul
step sites th
 methane o
on Ni in Fig
d be elimina
at favor carb
n Ni(111) a
. 1-8[49]. It
ted by the 
on nucleatio
 
nd Ni(211).
 was 
n 
[47] 
  
Figure 
function
1.4.3 Al
Ano
geometr
(e.g. Sn 
between
paramet
The 
band cen
highly u
dissocia
bond ac
1-8: The act
 of the d-ba
loying 
ther way of 
ic or electro
in a Ni/Sn a
 the surface
ers of the su
addition of 
ter. For exa
nfavorable o
tion can be a
tivation is sl
ivation ene
nd center.
changing th
nic structure
lloy) can su
 and the bulk
rface and th
a second me
mple, H2 di
n a NiAl(1
ttributed to
ightly inferi
rgy for CH
[49] 
e reactivity 
 of the catal
rface segreg
. This caus
e bulk[51, 5
tal to the ca
ssociation, w
10) surface[5
 a downshift
or on a NiA
16
3-H bond b
of the cataly
yst. For inst
ate due to th
es strain due
2].  
talyst can al
hich is non
3, 54]. This
 of the nicke
u surface as
reaking ove
st is alloyin
ance, some 
e difference
 to the diffe
so cause an 
-activated o
 increase in
l d-band in 
 compared t
r various N
g. Alloying 
metals in a 
 in chemica
rence in the
upshift or do
n a Ni(111) 
 the energy 
the alloy. S
o a pure Ni(
 
i surfaces a
can change 
bimetallic al
l potential 
 lattice 
wnshift of 
surface, is 
barrier for th
imilarly, C-H
111) 
s a 
the 
loy 
the d 
e 
 
   17
surface[55]. Au causes a downshift in the d-band center of the catalyst. However, as suggested 
earlier, carbon does not nucleate on a NiAu surface as easily as it does on the pure Ni surface. 
Thus, NiAu is a better catalyst for methane dehydrogenation than a pure Ni catalyst. In this 
way, the electronic structure of catalyst can be manipulated by alloying to favor a desired 
reaction. 
1.4.4 Promotion and poisoning 
Adding promoters such as alkali adsorbates can modify the reactivity of a metal surface. 
Alkali adsorbates (Na or Cs), for instance, are added to iron and ruthenium based industrial 
ammonia synthesis catalysts to enhance reactivity with respect to N2 bond activation[56, 57]. At 
low coverages of Na or Cs, there is no shift in the d-band of the Ru or Fe atoms on the catalyst 
surface. Enhanced activity on the addition of alkali adsorbates can be traced to the electrostatic 
interaction between the dipole, , of the N2 transition state complex interacting with the induced 
electrostatic field, E, due the adsorbed alkali atoms[58].   
Adding poisons such as sulfur can also modify catalyst properties. Sulfur is added to Ni 
based catalysts used in the SPARG process for steam reforming[56]. In this process, H2S is 
added to the feed gas flow, resulting in adsorbed sulfur atoms that inhibit coking. This is 
because sulfur preferentially adsorbs on undercoordinated step edge sites that also favor carbon 
nucleation. Therefore, sulfur poisoning of the step edge sites leads to decreased rates of coking 
[50, 59]. The sites neighboring a poisoned site have a different electronic structure[60]. This 
ensemble effect leads to lower coke formation. For instance, sulfur improves the coordination of 
the Ru atoms on the surface on the catalyst. Thus, carbon nucleation is not favored to the same 
extent as on an unmodified Ni based catalyst surface.  
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1.5 Thesis Goals 
As shown in the earlier sections of this chapter, Ni based sulfur resistant catalysts have been 
widely studied. The work done by various researchers thus far suggests that an effective way of 
improving the catalytic properties of a material is by alloying[61-64]. Several studies have 
identified the close relationship between the electronic structure and properties of various metal 
slabs[49, 65]. However, there is a not very clear understanding of the changes caused by the 
addition of a second metal to the Ni catalyst. More specifically, there is no single parameter that 
conclusively describes the changes caused by the addition of a second metal to a Ni catalyst. 
There is a need to characterize bimetallic Ni based catalysts, both experimentally as well as 
theoretically, more extensively in order to identify specific interactions between the two metals 
in the catalyst. It is important to understand the influence of the surface structure on catalyst 
properties. Nickel interacts very differently with different metals and this work focuses on 
understanding those interactions as well as their effect on the properties of the catalyst.  
The aim of this thesis is to further progress towards the rational design of sulfur resistant Ni 
catalyst for the reforming of biomass tars. We used the aid of both theoretical and experimental 
techniques to achieve our objective. The first phase of this work included using density 
functional theory (DFT) to identify sulfur resistant Ni bimetallic alloys useful for the steam 
reforming of tars. Upon identification of these catalysts, we proceeded to the second phase of 
our work that included testing these modified Ni catalysts for the steam reforming of sulfur 
containing syngas in a packed bed reactor system. We used C2H4, a component of tar, as the 
probe molecule in this work. In the final phase, we characterized these bimetallic catalysts using 
techniques such as X-ray diffraction (XRD), scanning electron microscopy (SEM), temperature 
programmed reduction (TPR) and extended X-ray absorption fine structure spectroscopy 
   19
(EXAFS). We also used density functional theory to study the electronic structure of each of 
these bimetallic alloys. We gained considerable insights on catalyst behavior that can be used to 
guide the design of superior catalysts for the reforming of biomass tars. 
1.6 Thesis Organization 
Chapter 2 – Methods 
Introduces the techniques used in this thesis 
Chapter 3 – Experimental and computational investigations of sulfur-resistant bimetallic 
catalysts for reforming of biomass gasification products 
Examines the sulfur resistance of NiRu and NiSn catalyst as compared to a pure Ni 
catalyst for the steam reforming of C2H4 using both an experimental and theoretical 
approach 
Chapter 4 – Density Functional Study of Sulfur and Ethylene adsorption on Ni-Ru bimetallic 
surfaces 
Examines the effect of NiRu surface structure and alloy concentration on S and C2H4 
adsorption and investigates S and C2H4 adsorption mechanisms on NiRu alloys 
Chapter 5 – Characterization of Ni-W/Al2O3 catalysts for ethylene reforming in the presence of 
sulfur 
Examines the effect of W addition on the sulfur resistance of a Ni/Al2O3 catalyst during 
the steam reforming of C2H4 
Chapter 6 – Conclusions and future work 
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Contains the summary of this thesis work and suggests directions which may aid the 
development of more sulfur resistant tar reforming catalysts. 
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Chapter 2: Methods 
2.1 Theoretical methods 
2.1.1 Density functional theory 
To understand the properties of a well-defined collection of atoms – an isolated molecule or 
the atoms defining a crystal lattice of a mineral – one needs to know its energy and more 
importantly, how the energy changes if the atoms are moved [1, 2]. This energy can be 
identified by solving the time independent Schrödinger equation (2.1) 
Hψ ൌ Eψ            (2.1) 
In this equation, H is the Hamiltonian operator and ψ is a set of solutions, or eigenstates, of the 
Hamiltonian. Each of these solutions, ψn, has an associated eigenvalue, En that satisfies the 
eigenvalue equation.  The definition of the Hamiltonian depends on the physical system being 
described by the Schrödinger equation. 
The physical system we are interested in has multiple electrons interacting with each other 
and also interacting with multiple nuclei[3]. The complete description of the time independent 
Schrödinger description is 
ሾ	െ ℏమଶ௠∑ ׏ଶ ൅ே௜ୀଵ 	∑ ܸሺݎ௜ሻே௜ୀଵ ൅	∑ ∑ ܷሺݎ௜	௝ழଵே௜ୀଵ , ݎ௝ሻሿ߰ ൌ 	ܧ߰                (2.2) 
Here m is the electron mass. The three terms in the bracket in this equation define the kinetic 
energy of each electron, the interaction energy between each electron and the collection of 
atomic nuclei(V), and the interaction energy between different electrons (U), respectively. The 
electronic wavefunction for the Hamiltonian is ψ. It is the function of each of the spatial 
coordinates of each of the N electrons. E is the ground state energy of the electrons.  
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The wavefunction ψ can be approximated as a product of individual electron wavefunctions, 
ψ  =  ψ1(r) ψ2(r),….., ψ N(r)[4]. This is known as the Hartree product[2]. Thus, if we were 
interested in a single molecule of O2, the full wave function is a 48 dimensional function. The 
wavefunction ψ i(r) cannot be found without simultaneously considering the individual electron 
wavefunctions associated with all the other electrons. Therefore, the Schrödinger equation is a 
many-body problem[2]. 
Instead of considering interactions between individual electrons, the quantity of physical 
interest is the probability that a set of N electrons in any order have coordinates r1, r2, …., rN. 
This quantity is closely related to the density of electrons at particular position in space, n(r)[4]. 
This can be described in terms of the individual electron wave functions as  
݊ሺݎሻ ൌ 2∑ ߰௜∗ሺݎሻ߰௜௜ ሺݎሻ                     (2.3) 
The term inside the summation is the probability that an electron in the individual wave 
function ψi(r) is located at position r. The factor 2 appears because electrons have spin and both 
spins contribute to the electron density. Thus, the electron density, n(r), is a function of just 3 
coordinates as opposed to the full wave function which is a function of 3N coordinates[3].  
Kohn and Hohenberg proved two mathematical theorems which formed the basis for the 
entire field of density functional theory[5, 6]. The first theorem states that: The ground state 
energy from Schrödinger’s equation is a unique functional of the electron density. This implies 
that the ground state energy ,E, can be expressed as the functional of the electron density, n(r) as 
shown in the equation below[5]. 
E[n] = T[n] + Ecoloumbic[n] + EXC[n]                                                 (2.4) 
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where T is the kinetic energy, Ecoloumbic is the potential energy due to electron-electron and 
electron-nuclear interactions, and EXC is the exchange-correlation term. Finding a function of 
three spatial variables, electron density, rather than a function of 3N variables, the wave 
function, facilitates solutions to the Schrödinger equation. 
The second theorem states that: The electron density that minimizes the energy of the overall 
functional is the true electron density corresponding to the full solution of the Schrödinger 
equation. Kohn and Sham showed that the right electron density could be expressed in a way 
that involves solving a set of equations in which each equation only involves a single electron. 
The Kohn-Sham equations have the following form: 
 ൤	െ ℏమଶ୫	׏ଶ ൅ 	Vሺrሻ ൅	Vୌሺrሻ ൅	Vଡ଼େሺrሻ൨ψ୧ሺrሻ ൌ 	 ε୧ψ୧ሺrሻ                 (2.5) 
This equation is very similar to equation 2.2. The main difference is the lack of summations that 
occur in the full Schrödinger equation (Eq. (2.2)). This is because the solutions of the Kohn-
Sham equations are single electron wave functions that depend on only three spatial variables, 
ψi(r). V(r) defines the interaction between between an electron and the collection of atomic 
nuclei. VH(r) is called the Hartree potential. This potential describes the Coulomb repulsion 
between the electron being considered in one of the Kohn-Sham equations and the total electron 
density defined by all the electrons in the problem. VH includes a self-interaction contribution 
because the electron being considered in the Kohn-Sham equation is also part of the total 
electron density. The correction for this is expressed in the term VXC, which defines exchange 
and correlation contributions to the single-electron equations. Exchange interaction is 
a quantum mechanical effect which increases or decreases the expectation value of 
the energy or distance between two or more identical particles when their wave 
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functions overlap[7]. Electronic correlation is the interaction between electrons in the electronic 
structure of a quantum system[7]. A major problem in the application of density functional 
theory is the calculation of the exchange-correlation energy. There is only one case where this 
functional can be derived exactly: the uniform electron gas. Thus, the exchange correlation 
potential at each position is set to the known exchange correlation potential from the uniform 
electron gas at the electron density observed at that position: 
Vଡ଼େሺrሻ ൌ 	Vଡ଼େୣ୪ୣୡ୲୰୭୬	୥ୟୱሾnሺrሻሿ                     (2.6) 
This approximation uses only the local density to define the approximate exchange-correlation 
functional; therefore it is called the local density approximation (LDA)[7]. Another way to 
express the exchange-correlation functional is the generalized gradient correlation (GGA)[8]. 
This includes information about both the local electron density as well as the local gradient in 
the electron density. There are several ways in which information from the gradient of the 
electron density can be included in a GGA functional. The two most commonly used GGA 
functionals in the studies involving metal surfaces are the Perdew-Wang functional (PW91)[8] 
and the Perdew-Burke-Ernzerhof functional (PBE)[9]/ revised PBE[10]. The results in this 
thesis were obtained using the PW91 functional.  
The Kohn-Sham equation can be solved as outlined in the following algoritm[5]: 
1. An initial trial electron density is defined. 
2. The Kohn-Sham equations are solved using the trial electron density to find a single 
particle wave function, ψi(r). 
3. The electron density must be calculated using equation (2.3). 
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4. The calculated electron density is compared to the trial electron density. If they are the 
same within a specified tolerance, then this is the ground state electron density and can 
be used to compute the total energy. If not, the trial density must be updated and process 
must be repeated. 
DFT calculations for this study were performed using Vienna Ab-Inito Simulation package 
developed in the Theoretical Physics Department at the University of Vienna[11, 12]. 
2.1.2 Basis sets in DFT 
A basis set is a set of functions used to create the Kohn-Sham molecular orbitals. The 
surface model determines the type of basis set used to create the molecular orbital. There are 
two main surface models used to study the adsorption on metal surfaces[4]. The first is the 
cluster model that is modeled using a finite number of metal atoms. The second is the semi-
infinite slab model. This model relies on periodic boundary conditions such that a unit cell is 
repeated infinitely on the surface plane. The advantage of the slab model is that the surface 
chemistry of interest to us occurs over particles with many metal atoms (>100 metal atoms), 
which are hard to approximate with a cluster. Another advantage of slab model is that the 
effects of high coverage can be included.   
Finite cluster models use localized functions such as Gaussian type orbital (GTO) or Slater 
type orbital (STO) basis sets that are radially and angularly dependent on the electron 
distribution[13]. Molecular orbitals are expanded as a linear combination of atomic orbitals 
(LCAO)[13]. 
ψ ൌ	∑ c୬୬ ϕ୬                       (2.7) 
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The coefficient, c, weighs the contribution of the atomic orbital, ϕ. The process of finding the 
lowest energy of a molecule is achieved by optimizing the coefficients of the linear 
combinations that accomplished using the self consistent field procedure[13]. 
The semi-infinite slab model was used to obtain the results discussed in this thesis.  Plane 
waves are used to describe the Kohn-Sham orbitals for periodic systems such as the semi-
infinite slab model[14]. A finite number of plane-wave functions are used, below a specific 
cutoff energy that is chosen for a certain calculation. In practice, plane-wave basis sets are often 
used in combination with an 'effective core potential' or pseudopotential, so that the plane waves 
are only used to describe the valence charge density[4]. A pseudopotential replaces the electron 
density from a set of core electrons with a smoothed density to match various important 
physical and mathematical properties of the true ion core. This is called the frozen core 
approximation. The calculations presented in this thesis use the projector augmented wave 
(PAW)[15] method to define the pseudopotentials. The core electrons tend to be concentrated 
close to the atomic nuclei, resulting in large wavefunctions and density gradients near the 
nuclei, which are not easily described by a plane-wave basis set unless a very high energy 
cutoff, and therefore small wavelength, is used. As all functions in the basis are mutually 
orthogonal, plane-wave basis sets do not exhibit basis-set superposition error. Mathematically, 
the plane wave is of the following form[14]: 
ψ୩ሺrሻ ൌ 	 e୧୩.୰f୧ሺrሻ                                  (2.8) 
In the above equation, fi(r) is the function of the reciprocal lattice vectors of the slab. ‘k’ 
refers to the wave vectors which comprise the Brillouin zone in the reciprocal space. The 
Brillouin zone is marked by the boundaries of –π/a < k < π/a, where a is the length of one side 
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of the crystal lattice[14]. The true k-point density of the entire slab is very large and thus only a 
few k-points are chosen to represent the Brillouin zone[14]. We have used the Monkhorst[16] 
package for k-point sampling. For surface calculations, k-points are only samples on the x and y 
directions. For bulk calculations, k-points are samples in all the cartesian directions.  
2.1.3 Adsorption sites 
Atomic adsorption usually takes place in one of three high-symmetry adsorption sites – top 
sites, bridge sites and hollow sites. Top sites are one fold coordinated, bridge sites are two fold 
coordinated and the hollow sites are either three or four fold coordinated. Most of the work 
done in thesis involves the Ni metal, which is a face centered cubic (fcc) metal. The (111) face 
is the most thermodynamically stable face metallic Ni. Fcc(111) metal surfaces have two types 
of hollow sites – fcc hollow sites and hcp (hexagonal close-packed) hollow sites. The fcc 
hollow site does not have an atom directly below the hollow site in the second layer. The 
opposite is true for the hcp hollow site. Fig. 2-1 identifies all the high adsorption sites for 
atomic adsorption on a fcc(111) metal surface. Molecular adsorption is a little more complicated 
but the high-symmetry adsorption sites often provide useful initial guesses or geometry 
descriptors in the case of molecular adsorption.  
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slabslabSHslabHslabSH EEEEEslabHslabSHslabSH  ///22 2///             (2.10) 
slabslabSHslabHslabS EEEEEslabHslabSslabSH  ///3///              (2.11) 
slabHCslabHCHCgas EEEEslabHCslabHC  424242 /42)(42 /                         (2.12) 
2.1.5 Alloy models 
In this thesis, we examine three main types of bimetallic alloys – surface alloys, 
homogeneous alloys and inhomogeneous alloys. Surface alloys contain the second metal only 
on the top surface layer. In the homogeneous alloy, the second metal is present in the same ratio 
in all the layers of the slab. The inhomogeneous alloys studied here differ from a homogeneous 
alloy due to the presence of M-M bonds. ‘M’ refers to the second metal that includes Ru, Sn and 
W. The bimetallic Ni alloys we examined in this work includes M0.25Ni0.75(111), 
M0.25Ni0.75/Ni(111), M0.11Ni0.89(111), M0.22Ni0.78(111), M0.33Ni0.67(111) and M0.25Ni0.75(100). 
M0.25Ni0.75(111) is a homogeneous alloy has 25% M and 75% Ni in all its layers, 
M0.25Ni0.75/Ni(111) is a surface alloy that contains 25% M only in its top most layer, 
M0.11Ni0.89(111), M0.22Ni0.78(111) and M0.33Ni0.67(111) contain 11%, 22%  and 33%M, 
respectively in each of its layers. M0.22Ni0.78(111) and M0.33Ni0.67(111)  are inhomogeneous due 
to the presence M-M bonds in the slab. M0.25Ni0.75(100) refers to a homogeneous (100) slab with 
25% M in all the layers. The above mentioned alloy models are shown in the chapters ahead. 
2.1.6 Electronic structure 
The electronic structure of material gives very specific information about the material that 
helps explain the behavior of the material. A new electronic structure is formed when an atom 
or molecule is adsorbed on a surface. In the case of physisorption, there is very little overlap of 
wave functions and thus there is no major change in the electronic structure[17]. On the other 
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2.2 Experimental methods 
This section describes the catalyst bed reactor system used to validate the theoretical results 
and also details the various characterization techniques used in this study. 
2.2.1 Fixed bed reactor system 
Reactions on powdered catalyst samples were conducted in a fixed-bed reactor, with the 
catalyst held in place between quartz wool plugs within a quartz, U-tube reactor and heated by 
an electric furnace. Gas flow rates were controlled by mass flow controllers (MKS Instruments) 
and steam was introduced by adjusting helium flow through a gas washing bottle (or "bubbler") 
filled with DI water and heated in an oil bath to 70ºC. All lines downstream of the bubbler were 
heat traced (>100ºC) to prevent condensation. The composition of the hot gas stream was 
measured using a Dycor Proline mass spectrometer. The reactor system had a bypass flow line 
for feed analysis before and after each reaction. 
2.2.2 Temperature programmed reduction 
Temperature-programmed reduction (TPR) is a widely used tool for the characterization of 
metal oxides, mixed metal oxides, and metal oxides dispersed on a support. The TPR method 
yields quantitative information of the reducibility of the oxide’s surface, as well as the 
heterogeneity of the reducible surface. TPR is a method in which a reducing gas mixture 
(typically hydrogen diluted in He) flows over the sample. A thermal conductivity detector 
(TCD) is used to measure changes in the thermal conductivity of the gas stream. The TCD 
signal is then converted to concentration of active gas using a level calibration. Integrating the 
area under the concentration vs. time (or temperature) curve yields total gas consumed. TPR 
provides a qualitative, and sometimes quantitative, picture of the reproducibility of the catalyst 
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surface, as well as its high sensitivity to chemical changes resulting from promoters or 
metal/support interactions. 
2.2.3 X-ray diffraction 
X-ray diffraction (XRD) is a characterization technique primarily used for phase 
identification of a crystalline material and can provide information on unit cell dimensions[22, 
23]. X-ray diffraction is based on constructive interference of monochromatic X-rays and a 
crystalline sample. These X-rays are generated by a cathode ray tube, filtered to produce 
monochromatic radiation, collimated to concentrate, and directed toward the sample. The 
interaction of the incident rays with the sample produces constructive interference (and a 
diffracted ray) when conditions satisfy Bragg’s law (nλ=2d sin θ)[22, 23]. This law relates the 
wavelength of electromagnetic radiation to the diffraction angle and the lattice spacing in a 
crystalline sample. These diffracted X-rays are then detected, processed and counted. By 
scanning the sample through a range of 2θ angles, all possible diffraction directions of the 
lattice should be attained due to the random orientation of the powdered material. Conversion of 
the diffraction peaks to d-spacings allows identification of the mineral because each mineral has 
a set of unique d-spacings. Typically, this is achieved by comparison of d-spacings with 
standard reference patterns[22].  
X-ray diffractometers consist of three basic elements: an X-ray tube, a sample holder, and 
an X-ray detector. The geometry of an X-ray diffractometer is such that the sample is stationary 
while the X-ray tube and X-ray detector move simultaneously over the angular range θ. X-rays 
are generated in a cathode ray tube by heating a filament to produce electrons, accelerating the 
electrons toward a target by applying a voltage, and bombarding the target material with 
electrons. When electrons have sufficient energy to dislodge inner shell electrons of the target 
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material, characteristic X-ray spectra are produced[23]. The wavelengths are characteristic of 
the target material (Cu in this case). Filtering, by foils or crystal monochrometers, is required to 
produce monochromatic X-rays needed for diffraction. These X-rays are collimated and 
directed onto the sample. As the sample and detector are rotated, the intensity of the reflected 
X-rays is recorded. When the geometry of the incident X-rays impinging the sample satisfies 
the Braggs law, constructive interference occurs and a peak in intensity occurs. A detector 
records and processes this X-ray signal and converts the signal to a count rate which is then 
output to a device such as a printer or computer monitor.  
2.2.4 Scanning electron microscopy 
A scanning electron microscope (SEM) images a sample by scanning it with a high-energy 
beam of electrons in a raster scan pattern[24]. The electrons interact with the atoms that make 
up the sample producing signals that contain information about the sample's surface topography, 
composition, and other properties such as electrical conductivity. More specifically, the 
scanning electron microscope consists of an electron gun fitted with a tungsten filament, two 
condenser lenses, an objective lens, deflection coils and several different types of detector as 
shown in Fig. 2-4[25].  The energy exchange between the electron beam and the sample results 
in the reflection of high-energy back scattered electrons by elastic scattering and emission of 
secondary electrons by inelastic scattering, each of which can be detected by specialized 
detectors. Characteristic X-rays are emitted when the incident beam excites an electron in an 
inner shell, ejecting it from the shell while creating an electron hole where the electron was[24]. 
An electron from an outer, higher-energy shell then fills the hole, and the difference in energy 
between the higher-energy shell and the lower energy shell may be released in the form of an X-
ray[24]. These X-rays are detected in SEM equipped for energy X-ray dispersive spectroscopy 
(EDS). EDS is very useful in giving for the elemental analysis of a sample. 	
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sample, the absorption coefficient μ, and the thickness of the sample x as shown in the equation 
2.15[26, 27].	
ܫ௧ ൌ 	 ܫ଴݁ିఓ௫                     (2.15)
      
Generally, the absorption of X-rays decreases with increasing energy of the X-ray photons, 
but distinct spikes corresponding to a drastic increase of the absorption can be detected at some 
energy. These are the absorption edges, and they correspond to the binding energies of the 
inner-shell electrons (K, L, M)[27]. As each chemical element has specific, well-defined 
binding energies, it is possible to select an energy range for the X-ray beam sweeping 
specifically only near an absorption edge region of a selected element[26]. This way 
information of the neighborhood of the atoms of this chosen chemical element can be obtained. 
An XAS spectrum can be divided into different parts based on the energy range of the X-ray 
beam compared to the absorption edge[26]. The division is given below and depicted in Fig. 2-
5. 
1.)   The pre-edge region is directly before the absorption edge where no ionization takes 
place, only transition to higher, non-completely filled or empty orbits.  
2.) XANES (X-ray near edge structure) is observable when the photon energy is E < E0+10 
eV, where E0 is the ionization energy. 
3.) NEXAFS (Near-Edge X-ray Absorption Fine Structure) is observable when the photon 
energy is between E0+10 < E < E0+50 eV. 
4.) EXAFS region is observable when E >E0+50 eV. 
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When the X-ray photon with E>E0 is absorbed; its whole energy is transferred to an inner-
shell electron, which will jump to unoccupied continuum level. XAFS is caused by the 
interference of the outgoing and backscattered electron wave at the position of the absorber 
atom[26].The scattering amplitude and phase shift caused by the backscatterer depends on of 
the neighboring atom and the phase and the amplitude of the backscattered wave depends on the 
inter-atomic distance between the absorber and the backscatterer.  
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Chapter 3: Experimental and computational investigations of sulfur-resistant bimetallic 
catalysts for reforming of biomass gasification products 
3.1 Abstract 
A combination of density functional theory (DFT) calculations and experimental studies of 
supported catalysts was used to identify H2S-resistant biomass gasification product reforming 
catalysts. DFT calculations were used to search for bimetallic, nickel-based (111) surfaces with 
lower sulfur adsorption energies and enhanced ethylene adsorption energies.  These metrics 
were used as predictors for H2S resistance and activity toward steam reforming of ethylene, 
respectively. Relative to Ni, DFT studies found that the Ni/Sn surface alloy exhibited enhanced 
sulfur resistance and the Ni/Ru system exhibited an improved ethylene binding energy with a 
small increase in sulfur binding energy. A series of supported bimetallic nickel catalysts was 
prepared and screened under model ethylene reforming conditions and simulated biomass tar 
reforming conditions.  The observed experimental trends in activity were consistent with 
theoretical predictions, with observed reforming activities in the order Ni/Ru > Ni > Ni/Sn.  
Interestingly, Ni/Ru showed a high level of resistance to sulfur poisoning compared to Ni.  This 
sulfur resistance can be partly explained by trends in sulfur versus ethylene binding energy at 
different types of sites across the bimetallic surface. 
3.2 Introduction 
Biofuels produced from biomass gasification hold great promise as a domestic, renewable 
and sustainable energy resource[1]. Design of improved heterogeneous catalysts for the 
complex systems of reactions in gasification and downstream processes is a challenging 
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objective. For example, the reforming of “tar” produced from gasification of biomass involves a 
relatively large number of reactions, summarized in Scheme 3-1.   
Scheme 3-1. Steam reforming of tar 
CnHm + nH2O  nCO + (m/2 + n)H2        [steam reforming] 
nCO2 + CnHm  2nCO + (m/2)H2       [CO2 (dry) reforming] 
CO + H2O  CO2 + H2                       [water-gas shift] 
Biomass tars, though variable in composition, generally consist of a range of organic 
hydrocarbons, including paraffins, olefins, and aromatics[2, 5].  This mixture of hydrocarbons 
often gets deposited on surfaces in filters, heat exchangers, engines and piping, where they 
reduce component performance and increase maintenance requirements. Thus, hydrocarbon 
cracking and reforming can increase the efficiency of the biomass thermochemical conversion 
by reducing maintenance costs and also increasing carbon efficiency through conversion of tars 
and hydrocarbons into usable syngas[6]. 
Supported nickel has been shown to have high catalytic activity for steam reforming of the 
hydrocarbons produced during biomass gasification [5, 7, 8]. However, a major issue in the long 
term stability and activity of the catalyst is its poor resistance towards deactivation by small 
levels (typically 50-500ppm) of sulfur-containing compounds present in the process feed 
stream[2, 9]. Sulfur is known to bind very strongly on the active Ni surface, blocking sites 
required for the reforming reaction[10]. In some systems, sulfur has also been associated with 
significant metal restructuring and bulk sulfide formation, which lowers the long term catalyst 
stability and regenerability[11, 12]. Trace amounts of H2S present in biomass generated syngas 
streams are enough to deactivate the catalyst. There is a significant need to develop catalysts 
that maintain high activity for reforming of biomass gasification products in the presence of 
   45
sulfur-containing compounds, especially H2S[10-13]. However, the complexity of the surface 
reactions involved suggests that first-principles design of such catalysts will be difficult.  A 
simple design approach would be attractive. 
In this contribution, we explore the use of simple metrics for design of an improved catalyst 
for the apparently complex tar reforming process.  This approach involves two levels of 
approximation.  The first approximation is that the reaction rate of a single hydrocarbon, 
ethylene, will correlate with the rates of other hydrocarbons, enabling hydrocarbon reforming 
catalysts to be designed based on a single reactant.  The second approximation is that adsorption 
energies of ethylene and sulfur will correlate with ethylene reforming activity and sulfur 
resistance, respectively. Although the binding energy of sulfur is in fact expected to be the key 
metric determining sulfur resistance, the reforming of ethylene involves multiple surface-
catalyzed steps including several surface intermediates.  The use of the ethylene binding energy 
as a metric for the catalyst activity toward ethylene steam reforming thus assumes that a 
Bronsted-Evans-Polanyi (BEP) relationship exists for the reaction, as has been shown for 
numerous other reactions where adsorption energies of simple adsorbates are used to guide 
design [14, 15].  This study focused on whether such assumptions could be used to guide 
catalyst design for a simulated hydrocarbon reforming system.  In line with reports from 
previous researchers indicating that steam is not involved in the kinetically relevant reforming 
steps, we have also neglected the role of H2O in the model [16-18].  As described below, 
although the use of these metrics yielded a catalyst composition with improved activity and 
sulfur resistance, the mechanism for sulfur resistance is likely more complex than that implied 
by the simple design approach. 
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Because many commercial grade catalysts employ Ni as the active component, bimetallic 
compositions incorporating Ni were investigated for this study [5, 8, 19].  The use of surface 
alloys, bulk alloys, and other bimetallic structures has yielded improvements in many catalytic 
processes, and in several cases these have been aided by a computational design approach [20, 
21]. It has been shown, for example, that the carbon resistance of some Ni-containing alloys 
(such as NiSn) is far better than that of monometallic Ni. On these surface alloys, the oxidation 
of carbon has a lower kinetic barrier as compared to C-C bond formation [22, 23]. Studies by 
Rodriguez et al. show that the presence of Sn in a Pt/Sn catalyst minimizes the negative effects 
of sulfur poisoning[24]. Our objective was to identify a Ni containing bimetallic that is resistant 
to sulfur relative to monometallic Ni. 
3.3 Methods 
3.3.1 Theoretical Methods 
  H2S adsorption and decomposition, as well as ethylene adsorption on the various surfaces 
was studied using density functional theory (DFT) calculations performed using the Vienna Ab-
initio Simulation Package (VASP)[25, 26].  The Kohn-Sham one electron valence states were 
expanded in a plane wave basis set using the projector augmented wave (PAW) method[27]. A 
cutoff energy of 350 eV was used in the expansion of the basis set. 
   A periodic supercell was used to model the Ni (111) and bimetallic Ni surfaces. In order to 
determine the equilibrium lattice constant, the bulk Ni or bimetallic Ni was geometrically 
optimized with a 11 x 11 x 11 Monkhorst-Pack  k–point mesh to obtain the lowest energy lattice 
constant[28]. The surface calculations were performed on slabs with a thickness of four atomic 
layers with at least 10Å vacuum in the surface normal direction. Previous studies have indicated 
that a slab with four layers has sufficient thickness to accurately predict H2S decomposition and 
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In order to study S coverage effects at a fixed metal composition, we investigated 1/16 ML 
and 1/8ML S adsorbed on Ni12Ru4. We performed these calculations on 4x4 unit cells with 3 
layers. There are 4 Ru atoms in each layer of the Ni12Ru4(111) slab. We also studied the 
adsorption of 1/16 ML coverage of S and C2H4 co-adsorbed on Ni(111) and Ni12Ru4(111). As 
on Ni8Ru(111), the adsorption energies reported in this case are the C2H4 binding energies on a 
S-precovered surface (appendix A.2). 
3.3.2 Catalyst synthesis 
 Single aqueous solutions were prepared from the appropriate precursors of Ni(NO3)26H2O, 
RuCl3, and SnCl2 (Aldrich), which were then used to add 6 wt% Ni and various amounts of Sn 
or Ru to an -Al2O3 support (Saint Gobain SA 5397) via incipient wetness impregnation. 
Catalysts were dried at 110 C for 3 h and then ramped at 10 C/min and calcined in air at 650 
C for 5 h.  Catalyst naming corresponds to the molar ratio between Ni and the promoter (e.g 
Ru0.33Ni/-Al2O3 corresponds to 6%Ni/-Al2O3 with a 0.33:1 Ru:Ni molar ratio). 
3.3.3 Catalyst characterization 
Temperature-programmed reduction (TPR) was done on 70-100 mg of sample using 35 
sccm 10%H2/Ar and ramping from 50-850 C at 10 C/min and H2 consumption was measured 
using a TCD to reference the reactor inlet stream to the gas at the reactor exit, after being sent 
through molecular sieves to remove moisture.  X-ray diffraction (XRD) scans from 20-80 2 
were performed on a Scintag diffractometer using a step size of 0.03°. Electron microscopy was 
conducted using a low vacuum scanning electron microscope (JSM-7401F) at the 
Nanomaterials Characterization Facility (University of Colorado, Boulder). An Energy 
Dispersive X-ray Spectrometer (EDS) installed in this microscope was used for local elemental 
analysis of catalyst samples. Surface charging was eliminated with a special sample bias voltage 
   50
option.  X-ray absorption  fine structure (XAFS) spectroscopy was performed at DuPont-
Northwestern-Dow (DND) Collaborative Access Team (CAT) beamline 5-BM-D (BM = 
bending magnet, http://www.dnd.aps.anl.gov/) at the Advanced Photon Source, Argonne 
National Laboratory. The XAFS spectra was analyzed using the Athena software package as 
described previously by Yung et al.[37-39]. 
3.3.4 Ethylene and synthetic syngas steam reforming 
Catalysts (100 mg) were heated from 25-850 C at 10 C/min in 10%H2/N2, and then held at 
850 °C for 1.5 h to pretreat the samples prior to reaction.   All flow rates (dry) were 200 sccm in 
the reaction studies.  Catalyst tests lasted 3 h, consisting of i) 1 h exposure to reaction gases 
without H2S, ii) 1 h exposure to reaction gases with H2S, and iii) 1 h exposure to reaction gases 
without H2S. Catalysts were examined for ethylene steam reforming (15% C2H4, 5 ppm H2S 
when included, balance N2/He + 0.3mL/min water) and synthetic “syngas” steam reforming 
(765 ppm benzene, 3.4% C2H4, 12.7% CH4, 21% H2, 21% CO, 16.9% CO2, 50 ppm H2S when 
included, balance N2/He + 0.2mL/min water). These reaction studies were performed at 850C. 
The gas exiting the reactor was sent to a condenser chilled with water at 4 °C and then through a 
N2 membrane dryer to remove moisture before being sent to a Varian micro-GC to measure gas 
compositions. 
3.4 Results 
3.4.1 Density functional theory 
A number of bimetallic compositions were screened using DFT in an attempt to identify 
promising sulfur-resistant bimetallic compositions that retain high activity —those that show 
reduced affinity for S-containing adsorbates but favor C2H4 adsorption—but most compositions 
were rejected as unpromising (Table 3-1). The DFT calculations suggested that, of the 
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bimetallic compositions screened, the NiSn surface alloy has the highest resistance to sulfur 
while the NiRu homogeneous alloy binds ethylene most strongly. Therefore, the discussion 
below focuses on NiSn and NiRu. 
Slab 
Composition 
H2S 
adsorption 
step (eV)a 
1st 
dissociation 
step (eV)b 
2nd 
dissociation 
step (eV)c 
C2H4 
adsorption 
(eV) 
CH3 
adsorption 
(eV) 
Ni(111) -0.54 -0.79 -1.91 -0.70 -2.72 
Ni3Sn/Ni(111) +0.23 -0.19 -0.31 -0.02  
Ni3Pd/Ni(111) -0.49 -0.81 -1.56   
Ni3Pt/Ni(111) -0.43 -0.60 -1.28   
Homogeneous 
Ni3Ru(111)d 
-0.81 (Ru) 
-0.54 (Ni) 
-0.76 (Ru) 
-1.04 (Ni) 
-1.89(Ru) 
-1.59(Ni)) 
-1.37 (Ru) 
-0.51(Ni) 
 
Inhomogeneous 
Ni3Ru(111)d 
-0.83 (Ru) 
-0.49 (Ni) 
-0.69 (Ru) 
-0.80 (Ni) 
-1.81(Ru) 
-1.42 (Ni) 
-0.93(Ru) 
-0.92 (Ni) 
-2.90(Ru) 
-2.61(Ni) 
Ni3Pd(111) -0.48 -0.71 -1.78 -0.71  
Ni3Pt(111) -0.47 -0.62 -1.76 -0.65  
Ru(0001) -0.54 -0.81 -0.85 -0.77  
a Adsorption step : H2S(gas)  H2S(ads)   
b 1st dissociation step: H2S(ads)  SH(ads) + H(ads) 
c 2nd dissociation step:SH(ads)  S(ads) + H(ads) 
d On Ni3Ru(111),energies are reported for adsorption on sites close to the Ru atom and sites 
close to the Ni atom . 
Table 3-1: H2S adsorption and decomposition energies and ethylene binding energies 
obtained using DFT. 
 
 
3.4.2 H2S adsorption and decomposition 
DFT calculations predict that the adsorption and dissociation of H2S on Ni(111) is highly 
favorable as seen in Table 3-2.  The predicted geometries for H2S and S adsorption on Ni(111) 
are in agreement with the geometries observed by Alfonso and Choi et al[40, 41]. The 
adsorption and dissociation energies of H2S on a monometallic Ni(111) surface, a NiSn surface 
alloy and a NiRu homogeneous alloy, shown in Table 3-2, suggest that the Ni3Sn/Ni(111) 
surface alloy is far more sulfur resistant than a monometallic Ni surface. On the Ni3Sn/Ni(111) 
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surface alloy, the H2S adsorption step is endothermic at +0.23eV and the most favorable 
adsorption site for S is the hollow site away from the Sn atom. In the case of the Ni3Ru(111) 
slab, H2S adsorption and dissociation is highly favorable on sites closer to the Ru atom. On the 
hollow site close to the Ru atom in the Ni3Ru(111) surface, the 2nd dissociation step, where SH 
dissociates to S and H, is approximately equal to that on monometallic Ni(111). However, on 
the hollow site closer to the Ni atom, the reaction energy for the 2nd dissociation step is less 
favorable than on a monometallic Ni surface by almost 0.32eV. This indicates that S atoms are 
less likely to bind to the Ni atoms in the presence of Ru at this surface coverage. For reference, 
we studied H2S adsorption and decomposition on a pure Ru surface. On Ru(0001), we observed 
that H2S adsorption and decomposition are exothermic but to a lesser degree than on both 
monometallic Ni and Ni3Ru (Table 3-1). The computed geometries for S adsorption on Ni(111), 
Ni3Sn/Ni(111) and Ni3Ru(111) are shown in Figures 3-4, 3-4, and 3-5. 
 
Slab 
H2S 
adsorption 
Step (eV)a 
1st dissociation step 
(eV)b 
 
2nd 
dissociation 
step (eV)c 
C2H4 adsorption 
(eV) 
 
Ni(111) -0.54 -0.79 -1.91 -0.70 
Ni3Sn/Ni(111) 
+0.23 -0.19 -0.31 -0.02 
Ni3Ru(111)d 
Ru atom 
Ni atom 
 
-0.81 
-0.54 
 
-0.76 
-1.04 
 
-1.89 
-1.59 
 
-1.37 
-0.51 
a Adsorption step : H2S(gas)  H2S(ads)   
b 1st dissociation step: H2S(ads)  SH(ads) + H(ads) 
c 2nd dissociation step: SH(ads)  S(ads) + H(ads) 
d On Ni3Ru(111),energies are reported for adsorption on sites close to the Ru atom and sites 
close to the Ni atom . 
Table 3-2: Reaction energy values for H2S adsorption and dissociation and ethylene 
binding on Ni(111), Ni3Sn/Ni(111) and Ni3Ru(111). 
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of Ni atoms, with C2H4 adsorbed atop a Ru atom. Our results indicate that the C2H4 adsorption 
energy in the first case is -0.40eV. The adsorption energy when C2H4 is adsorbed atop a Ru 
atom, with S adsorbed on the hollow site composed of Ni atoms, is far more favorable at  
-1.04eV, indicating that C2H4 adsorbs more strongly on the S-covered Ni8Ru(111) surface than 
on Ni(111).  This trend is similar to that conjectured above, and suggests a complex role of the 
bimetallic.  The dependence of adsorption energy on positions of the co-adsorbates, and its 
possible influence on catalysis, are discussed below.  However, these results suggest that NiRu 
catalysts exhibit stronger ethylene binding in the presence of sulfur, and such catalysts were 
therefore identified as promising candidates for experimental study. 
On a 1/16ML S-precovered Ni(111) slab consisting of 4x4 unit cells and 3 layers, the 
ethylene binding energy is -0.88eV. On the 1/16 ML S-precovered Ni12Ru4(111) slab, with S 
adsorbed on the Ru hollow site, C2H4 adsorbs on top of the Ni atom with an energy of -0.71eV. 
C2H4 adsorbs more favorably atop the Ru atom with an adsorption energy of -0.89eV. The 
sulfur in this case is adsorbed on the Ni hollow site, away from the Ru atom. These DFT results 
indicate that the binding energy of C2H4 on a 1/16 ML S-precovered Ni12Ru4 surface is closer to 
that on the 1/16 ML S-precovered Ni(111). This implies that C2H4 adsorption on an S-
precovered NiRu surface is more favorable at a lower concentration of Ru in the bimetallic alloy 
(i.e. Ni8Ru), where the Ru atoms are more dilute in the bimetallic.  However, these calculations 
only probe adsorption of a single S/C2H4 pair per Ru atom, and more dilute Ru bimetallics also 
present fewer Ru sites for reaction. 
3.4.5 Catalyst Characterization 
To test the trends in reactivity suggested in DFT, bimetallic NiRu and NiSn catalysts were 
synthesized, characterized, and evaluated.  Fig. 3-7 shows the XRD patterns for the reduced and 
post-reaction Ni-only, Ru0.33Ni, and Sn0.1Ni catalysts, as well as the unloaded α-Al2O3 support. 
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Cubic nickel (PDF# 65-2865) has reflections at 44.5° and 51.8° for the (111) and (200) planes, 
respectively, which correspond to a lattice spacing of 3.52Å.  The lattice spacing for the reduced 
and post-reaction Ni-only catalysts was calculated as 3.52Å using the (111) and (200) 
reflections, showing good agreement with the reference cubic nickel.  As compared to the Ni-
only catalyst, the Ru0.33Ni and Sn0.1Ni catalysts had (111) and (200) reflections shifted to lower 
2θ values, indicating larger lattice parameters.  The lattice parameter for Ru0.33Ni was calculated 
as 3.53Å and this expansion is expected because Ru has a larger lattice constant than Ni. The 
lattice parameter for the Sn0.1Ni catalyst was found to be 3.58 Å. We used DFT calculations to 
determine that the Ni-Ni interatomic distance is 2.49 Å in the Ni(111) surface and 2.55 Å  in 
Ni3Ru(111). The Ni-Ru distance in Ni3Ru(111) is also 2.55 Å. This shift of the XRD reflections 
of the Ru0.33Ni catalysts is consistent with the interaction of Ru with Ni to form bimetallic 
crystallites in which both metals are incorporated.  As discussed below, the apparent mixing of 
metals in the reduced catalysts differs somewhat from the situation in the oxidized (pre-
reduced) samples, where for example separate oxide phases associated with the Ni and Ru 
components of the bimetallic are observed (see Fig. 3-8). 
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state of the catalyst following calcination is an oxide.  TPR studies of the oxidized catalyst can 
be used to gain insights into its physical structure. The TPR profiles of the catalysts are shown 
in Fig. 3-9. The Ni-only sample shows a broad reduction peak from 285-400 °C. Comparison of 
the TPR profiles between the Ni-only and  Ru0.33Ni samples shows an  increase in the 
reducibility of Ni2+ (NiO) when Ru is added, as indicated by shift to lower reduction 
temperature, which has been previously observed[43, 44] and suggests a significant interaction 
between Ru and Ni even in the oxidized form of the catalyst.  The Ru0.33Ni catalyst shows a low 
temperature reduction feature which can be attributed to RuO2 particles[45]. While the distinct 
RuO2 reduction feature likely indicates some segregation of the oxide particles, the shift to 
lower NiO reduction temperature on the Ru0.33Ni catalysts can be attributed to RuO2 in intimate 
contact with NiO, leading to a reduction of both oxides to form bimetallic Ni-Ru particles[45]. 
The addition of Sn to Ni/Al2O3 led to a narrowing of the Ni2+ reduction peak.  Sn is known to 
surface segregate[22], which could lead to stronger interaction between Ni and the Al2O3 
support, resulting in a decreased contribution of the low temperature NiO shoulder as compared 
to the Ni-only catalyst. 
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shown).  At the end of the 180-minute experiment (i.e. after H2S exposure and removal), the 
exit benzene concentration using the Ni3Ru was approximately 60% (±10%) lower than that 
from the pure Ni catalyst, indicating significantly enhanced reactivity on the bimetallic.  
Following the removal of H2S from the reactant stream, the conversions of methane, ethylene, 
and benzene steadily increased for all the samples, indicating in a H2S-free syngas stream, 
regeneration of some of the sulfur-poisoned sites may be achieved, likely due to the presence of 
oxidizing (H2O) and reducing (CO, H2) agents. 
Although the results reported above were for catalysts having the specific compositions 
Sn0.1Ni and Ru0.33Ni, catalysts having compositions of Sn0.01Ni and Ru0.1Ni were prepared, 
characterized, and screened and found to follow similar trends.  The catalyst with the much 
lower Ru content was found to have slightly lower activity before and after H2S exposure, but 
was still clearly superior to the Ni-only catalyst. The improved activity and sulfur resistance of 
bimetallic NiRu catalysts under both model ethylene reforming and more realistic syngas 
reforming conditions suggests a bimetallic effect that may be general to this class of reactions.  
Although this effect is consistent with the enhanced binding of C2H4 on both clean and S-
precovered Ni3Ru(111) surfaces (see above), the mechanism for the bimetallic effect may be 
complex, as discussed below. 
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3.5. Discussion 
DFT calculations indicate that C2H4 does not bind strongly on the NiSn surface alloy. These 
observations were consistent with the steam reforming experiments that showed low 
conversions on NiSn catalysts for the steam reforming of both C2H4 and synthetic tars. The 
NiSn surface alloy recovered activity on the removal of H2S thereby indicating high resistance 
to sulfur. This is again in agreement with our DFT calculations that indicate weak binding of S 
on this surface. DFT results suggest that the NiRu homogeneous alloy binds C2H4 more strongly 
than either the Ni(111) or the Ru(0001) slab. This is consistent with the experimental results 
which indicate that C2H4 conversion is higher on NiRu than on either Ni-only or Ru-only 
catalysts. Mechanisms for poisoning resistance on NiSn bimetallics have already been discussed 
in detail by previous researchers [22, 23]. Therefore, the bulk of this discussion will be devoted 
towards understanding the effects observed in experiments and calculations on NiRu 
bimetallics. 
 The remainder of this section explores connections between the DFT calculations and 
experimental results described above to identify explanations for the improved reforming 
activity, both in the absence and presence of H2S, for bimetallic NiRu catalysts compared to Ni. 
This section is organized as follows.  First, we explore the extent to which the model DFT 
surfaces accurately simulate the relevant surfaces in the experimental studies.  Second, we 
describe possible reasons for the observed trends in DFT results for sulfur and ethylene 
adsorption.  Third, we discuss the extent to which the ethylene adsorption energy may serve as a 
metric for ethylene steam reforming activity, and furthermore how considering the adsorption 
energy in the presence of sulfur may predict activity during sulfur exposure.  Finally, we 
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explore the extent to which ethylene steam reforming activity would be expected to correlate 
with the reactivity of other tar components, such as methane and aromatics. 
 First, we consider comparisons between the structures modeled in DFT calculations and 
metal surfaces exposed during catalysis.  One approximation is that a close-packed (111) 
surface was used for computational studies.  This approximation seems reasonable, as the size 
of the metal crystallites was quite large (see Fig. 3-10), leading to an expected abundance of 
(111) planes on metallic particles. As a partial test of the structure sensitivity of our results, we 
also studied S and C2H4 adsorption on the more open (100) plane of Ni and Ni3Ru. The reaction 
energy for complete decomposition of H2S was computed to be at -3.46eV on Ni(100) 
(compared to -3.24 eV on Ni(111)) while the computed ethylene adsorption energies on the two 
surfaces were computed to be identical at -0.70eV.  Likewise, S and C2H4  adsorption energies 
on Ni3Ru(100) are comparable to those on Ni3Ru(111) (-3.42eV versus -3.46 eV for H2S 
decomposition on Ni3Ru(100) and Ni3Ru(111), and -1.21eV versus -1.31 eV for ethylene 
adsorption on those surfaces, respectively). Moreover, the overall trend of Ru addition 
promoting ethylene adsorption to a greater extent than sulfur adsorption is retained for the (100) 
surface.   
 More difficult is the issue of determining the detailed structure of the bimetallic NiRu 
particles.  As noted above, there is strong evidence from XRD, TPR, SEM, and EXAFS that Ni 
and Ru are in intimate contact in the catalysts, but the detailed local structure of the active 
surface cannot be resolved. We used the  DFT to determine the formation energies of four NiRu 
slabs - homogeneous Ni3Ru, inhomogeneous Ni3Ru, Ni/Ni3Ru (monolayer of Ni on Ni3Ru) and 
Ru/Ni3Ru(monolayer of Ru on Ni3Ru) - using a formulation described earlier by Nikolla 
et.al.[22]. The formation energies at 0K are in the following order from most favorable to least 
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favorable: Ni/Ni3Ru (-2.32eV) > inhomogeneous Ni3Ru (-2.26eV) > homogeneous Ni3Ru (-
1.95) > Ru/Ni3Ru (-1.32eV). These calculations are indicative of a slight favorability for the 
formation of a Ni monolayer on Ni3Ru(111) at low temperature.  The energies of both H2S 
decomposition and C2H4 adsorption are lower on Ni/Ni3Ru(111) than on Ni3Ru(111) at -2.71eV 
and -0.93eV, respectively.  Again, these results point to preferential stabilization of adsorbed 
ethylene over adsorbed sulfur.  It is noted that Ni monolayers may be less stable at higher 
temperatures, where entropy effects become increasingly important and Ni atoms are able to 
rapidly diffuse into the bulk[49, 50].    Furthermore, bimetallic crystallites can undergo dramatic 
changes to their surface composition under high-temperature reaction conditions, and those 
changes are difficult to characterize [8, 51-59]. The increase in reactivity of Ru/Al2O3 catalysts 
after exposure to H2S (see Fig. 3-12) may indicate structural changes to the catalyst.  
Nevertheless, for a variety of surface models having varying crystal faces, Ru contents, and 
metal distributions, the presence of Ru in the vicinity of the surface alters ethylene and sulfur 
adsorption in a manner consistent with experimentally observed effects on reforming activity 
and sulfur resistance.   
    The description for the binding of olefins such as C2H4 to metals was developed by Dewar, 
Chatt and Duncanson and is known as the DCD model[60, 61]. According to this model, there 
is a donation of charge from the highest occupied π-orbital in ethylene to the metal and a back 
donation from the filled metal states to the lowest occupied π*- orbital[60, 61]. The π to π* 
excitation energy of ethylene ranges between 3.5-3.9eV which is low enough to be compensated 
by the formation of two covalent bonds to the surface with the C-C bond lying parallel to the 
surface. Thus, ethylene is bound to the surface in a di-σ configuration[62]. We also observed 
that the C-C bond is elongated upon adsorption on Ni(111) and NiRu(111) from 1.35Å to 1.43Å 
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which is consistent with previous observations[63]. This implies a partial shift from unsaturated 
sp2 hybridization for C2H4. Ethylene adsorption is more favorable on the NiRu bimetallic than 
either Ni(111) or Ru(0001). The DFT results indicate that C2H4 binds more strongly on top of 
the Ru atom in the NiRu slab. A Ru atom in the Ru(0001) slab has a d-band center of -2.63eV, 
whereas this value is shifted closer to the Fermi level in the Ni3Ru(111)  slab by 0.54eV to -2.09 
eV. This shift towards the Fermi level is consistent with C2H4 binding more favorably on the Ru 
atom in the Ni3Ru(111) surface than the Ru atom in the Ru(0001) surface.  On the other hand, 
the d-band center of the Ni atoms in the bimetallic surface is shifted to -1.63eV, accounting for 
the weaker adsorption of both species on the Ni atoms of the bimetallic compared to the pure 
Ni(111) surface, which has a d-band center of -1.26eV . 
 In order for NiRu bimetallics to confer improved ethylene reactivity in the presence of 
sulfur in the simple model described here, the adsorption energy of ethylene must increase more 
than the adsorption energy of sulfur when the Ru is introduced.  This is in fact observed to be 
the case in the calculations described above, indicated both by calculations of the individual 
adsorbates (S and C2H4) and the coadsorption of both species on the same slab.  Thus, the 
strengthening of ethylene adsorption on Ru in the bimetallic is greater than the strengthening of 
sulfur adsorption.  Accounting for this fact requires a more detailed analysis of the density of 
states than the d-band center model yields. Hyman et al. have observed that the d-band center 
alone does not quantitatively describe S adsorption on various metal surfaces. The density of 
states at the Fermi level is often an important factor in determining the strength S adsorption on 
a metal surface[30]. The density of states for a Ni atom in a Ni(111) surface, a Ni atom in a 
Ni3Ru(111) surface, a Ru atom in a Ni3Ru(111) surface and a Ru atom in a Ru(0001) slab are 
shown in Fig. 3-15. A Ni atom in a pure Ni surface has a greater density of states near the Fermi 
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studies of bimetallics for the oxygen reduction reaction; these investigators found that on 
Pt0.8M0.2/Pd(111) (M=Rh,Ru and Ir), the easily oxidizable metal atoms attract OH at lower 
potentials, thereby destabilizing OH on adjacent Pt sites and increasing the activity[64].  
However, exploratory calculations for different metal compositions and different types of 
surface alloys complicates this simple understanding.  At a lower Ru concentration (i.e. Ni8Ru), 
the preferred S adsorption site is the Ni hollow while at a higher concentration of Ru (i.e. 
Ni3Ru), the favored adsorption site for S is the Ru-containing hollow.  We also observed that S 
and C2H4 adsorption on a Ni3Ru surface is sensitive to the local surface conditions, using a 
simple model to describe inhomogeneous distributions of metal atoms near the surface. Our 
results indicate that an inhomogeneous slab containing Ru-Ru bonds (see Section 3.3.1 and 
Table 3-1) results in somewhat different binding preferences.  Ethylene is found to bind more 
favorably on both the Ru and Ni atoms (where the Ni atom is undercoordinated to Ru atoms as 
shown in Fig. 3-2) compared to on the Ni(111) surface.  In contrast, the presence of Ru-Ru 
bonds appears to destabilize sulfur adsorption on both types of sites.  While this model 
inhomogeneous surface would still be predicted to yield improved ethylene reactivity in the 
presence of sulfur compared to pure Ni, it also indicates that more study is needed to 
conclusively identify the mechanism for sulfur resistance.  That work is underway in our 
laboratory.  
     Although these observations provide some explanation of the ethylene and sulfur adsorption 
energy trends, the extent to which these trends would be expected to correlate with ethylene 
steam reforming activity in the absence and presence of H2S are less immediately clear.  
Adsorption energies of various species are commonly used as activity predictors in generating 
“volcano plots” of catalyst performance [65-70].  Use of adsorption energies as activity metrics 
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is generally based on the assumption that a BEP relation exists for the reaction; that is, the 
(kinetic) activation energy for a rate-limiting step is linearly proportional to a (thermodynamic) 
difference in adsorption energies for the adsorbed species.  These approaches have recently 
been used with great success for predicting activation barriers based on adsorption energies for 
reactions of hydrocarbons [71, 72].  In the case of methane reforming reactions on metal 
surfaces, previous work has identified the initial C-H dissociation step as being rate-determining 
on both supported Ni and Ru supported catalysts, with Ni surfaces being significantly more 
reactive per unit surface area[73].  Though bimetallic catalysts have not previously been studied 
in detail, we have assumed that that bimetallic compositions of the Ni and Ru components will 
likewise be controlled by hydrocarbon adsorption and subsequent C-H activation.  We 
calculated the minimum energy path for C2H3-H dissociation ethylene on Ni(111) and 
Ni8Ru(111) and found that C-H bond breaking is clearly favored on Ni8Ru(111) (Figures 3-
16,3-17). The adsorbed ethylene reactant, transition state, and C2H3 + H product state are all 
significantly stabilized on Ni3Ru, and the barrier to reaction is lower by 0.15 eV.  The stronger 
adsorption of ethylene—which leads to weakened C-H bonds on the ethylene molecule—
therefore correlates to a lower barrier for the rate-limiting C-H dissociation on the surface.  This 
analysis assumes that the catalyst systems considered here operate on the “right hand side” of a 
hypothetical volcano curve, i.e. that they are not limited by the number of vacant sites available 
for ethylene binding.  For the high-temperature reactions explored here and the relatively weak 
adsorption energies of ethylene, this assumption appears reasonable.  Furthermore, a similar 
BEP relation would be expected for a sulfur-coated surface, where again stronger binding of 
ethylene would be correlated to increased reactivity, provided that reactivity is not strongly 
limited by the density of available sites.   
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similar to those seen for C2H4 adsorption, i.e. Ru atom in NiRu > Ni > Ni atom in NiRu (Table 
S1), helping to explain the improved performance of NiRu bimetallic catalysts for reforming of 
the methane as well as ethylene.  One reason for the correlation between ethylene and methyl 
adsorption energies may be the significant rehybridization of ethylene after adsorption, which 
causes the C atoms to approach sp3 hybridization as in methyl.  In contrast, the explanation for 
correlation with aromatic reactivities is less clear.  Interactions between benzene and metal 
surfaces are expected to be strongly influenced by the aromaticity of the adsorbate, which is not 
captured by the methyl and ethylene models [77].  Thus, reasons for the improved benzene 
conversion during simulated syngas steam reforming are not clear, and for now must simply be 
noted as an interesting observation. 
In closing, it is worth noting that the role of the reactant H2O was not investigated for this 
work, though the chemistry of H2O on Ni surfaces has been widely studied earlier[78-80]. It has 
been reported that molecular adsorption of H2O on Ni(111) is reversible. H2O exothermically 
dissociates to H and OH on the three fold neighboring sites of the Ni(111) surface[78]. Stronger 
adsorption of these species on NiRu catalysts could lead to a reduced density of active sites 
through competitive adsorption, though such an effect is not obvious from the experimental 
results in which steam was in great excess.  It has also been suggested that the Ni particles sinter 
more in the presence of steam thereby increasing the (111) planes on the metallic particles[4]. 
The detailed effects of steam on the surface chemistry reported here are the subject of ongoing 
investigation, and are likely important in a complete understanding of the mechanism. 
3.6. Conclusions 
 DFT calculations were used to study the adsorption of ethylene and sulfuric compounds on 
Ni(111) and various bimetallic surfaces.  These calculations indicated that a Ni3Sn surface alloy 
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significantly destabilized both sulfur and ethylene adsorption, while a Ni3Ru homogeneous 
alloy stabilizes both sulfur and ethylene adsorption; however, the adsorption of ethylene is 
stabilized to a greater degree than the adsorption of sulfur.   Based on a simple model in which 
ethylene and sulfur adsorption energies are assumed to be related to ethylene reforming activity 
and sulfur resistance, respectively, these calculations suggested that Ni3Sn surface alloys should 
exhibit reduced activity but excellent sulfur resistance, while Ni3Ru homogeneous alloys should 
show improved activity both in the absence and presence of sulfur. The general trends in 
ethylene reforming activity observed for bimetallic NiSn and NiRu catalysts were found to be in 
agreement with this simple model. Although perturbations to the DFT calculations indicate that 
the mechanism for the relative sulfur tolerance of NiRu bimellics is likely to be complex, the 
results of this study suggest that a relatively simple design approach may be productive in the 
selection of new catalysts for complex reactions. 
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Chapter 4: Density Functional Study of Sulfur and Ethylene adsorption on Ni-Ru 
bimetallic surfaces 
4.1 Abstract 
The adsorption of S and C2H4 on several bimetallic NiRu(111) alloy surfaces ranging from 
11-33% Ru  was studied using density functional theory (DFT) . The DFT studies reveal that S 
and C2H4 adsorption are dependent on several factors including the adsorbate coverage, Ru 
concentration in the bimetallic alloy, the adsorption site and the homogeneity of the bimetallic 
alloy. Sulfur adsorption is favored on the Ru hollow site in all the bimetallic NiRu alloys except 
for the most dilute system, Ru0.11Ni0.89(111), where it adsorbs on the Ni hollow site. Ethylene 
preferentially adsorbs atop the Ru atom in all the NiRu(111) alloys investigated and the binding 
strength increases with a decrease in Ru concentration in the bimetallic. Sulfur and C2H4 
adsorption energies are not coverage dependent for adsorbate coverages  1/4ML. 
Inhomogeneous NiRu(111) alloys were also examined and it was determined that the presence 
of Ru-Ru bonds in NiRu(111) considerably changes the adsorption strength of sulfur and 
ethylene on these surfaces. Sulfur adsorption is observed to be correlated with the density of 
occupied states near the Fermi level while C2H4 adsorption is correlated with the number of 
unoccupied states in the d-band. 
4.2 Introduction 
Supported Ni catalysts are well known for their high activity for the steam reforming of 
hydrocarbons. However, the lifetime of these catalysts is greatly reduced by sulfur poisoning. 
Although desulfurization of the reforming feed stream can potentially be used to avoid catalyst 
poisoning, such reactions are complex and not very cost effective[1].  Sulfur-resistant catalysts 
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are an attractive alternative for improving the sulfur resistance of a Ni catalyst[2, 3]. It is widely 
accepted that modifying the electronic properties of a metal catalyst by adding a second metal to 
form a bimetallic is one of the best ways to change its catalytic properties [4-8]. For instance, a 
Ni-W/Al2O3 catalyst maintains its activity for a longer period of time in the presence of sulfur 
than a monometallic Ni/Al2O3 catalyst during the steam reforming of gasoline[9].  Strohm et al. 
have found that the addition of Ni to a Rh/CeO2-Al2O3 catalyst greatly improves its resistance to 
sulfur poisoning during the reforming of jet fuel[10]. Likewise, it has been reported that the Ni-
Re/Al2O3 catalyst maintains activity longer than a pure Ni catalyst during the steam reforming 
of sulfur containing fuels [11, 12]. The addition of a second metal (such as Sn or Au) to a Ni 
catalyst not only affects S adsorption but can also significantly change the energetics of coking 
reactions [13, 14]. Studies have shown that a Ru-doped Ni/Al2O3 catalyst is much more resistant 
to deactivation due to carbon deposition than a pure Ni catalyst [15, 16].  
In this paper, we have examined the adsorption of S and a simple hydrocarbon, C2H4 on 
model Ni-Ru bimetallic alloy surfaces.  We have examined the binding energy of a single model 
hydrocarbon, ethylene, on several Ni-Ru bimetallic surfaces. Previous studies have shown that 
the adsorption energies of simple adsorbates can be used as a guide to design catalysts [17, 18]. 
In our previous work, we used ethylene as a probe molecule to experimentally study the 
activities of various Ni bimetallic catalysts. We found that C2H4 conversion in both the presence 
and absence of sulfur is much higher on the Ni-Ru bimetallic catalyst as compared to a 
monometallic Ni catalyst.  We also reported on preliminary DFT calculations which indicated 
that NiRu bimetallics were characterized by stronger binding of ethylene and sulfur, but with 
promotion of ethylene binding being stronger.  In this paper, we investigate structure-property 
relations for NiRu bimetallic surfaces to probe the mechanism by which addition of Ru 
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improves activity.  We report the effect of Ru concentration and the homogeneity of the NiRu 
alloy on C2H4 and S adsorption on a bimetallic NiRu(111) catalyst. We also compare the trends 
for sulfur and ethylene adsorption on NiRu(111) to that on NiRu(100) to explore possible 
structure sensitivity. We explore how ethylene and sulfur adsorption energies are affected by the 
change in the electronic structure of a Ni catalyst caused by the addition of Ru. Norskov et al. 
have suggested that the change in the catalytic properties of an alloy can be understood in terms 
of the d-band shift[4]. Therefore, we have also studied the d-band density of states of Ni and Ru 
in great detail in order to understand the effect of alloying on S adsorption.  Understanding the 
adsorption of simple adsorbates like S and C2H4 on NiRu surfaces is a major step towards 
understanding the surface kinetics and detailed mechanisms involved in steam reforming of 
hydrocarbons in the presence of sulfur on bimetallic Ni surfaces.  
4.3 Methods 
Total energies of adsorbed sulfur and ethylene on various NiRu surfaces were obtained from 
density functional theory (DFT) calculations performed using the Vienna ab initio simulation 
package (VASP)[19, 20]. The Kohn-Sham one-electron valence states were expanded in a plane 
wave basis set using the projector augmented wave (PAW) method[21]. A cut off energy of 
350eV was used in the expansion of the plane wave basis set. The Perdew-Wang (PW91) 
generalized gradient approximation (GGA) functional was employed to calculate the exchange-
correlation energy[22]. A periodic supercell was used to model the bimetallic NiRu(111) 
surfaces. In order to determine the equilibrium lattice constant, the bulk bimetallic NiRu was 
geometrically optimized with a 11 x 11 x 11 Monkhorst-Pack k–point mesh to obtain the lowest 
energy lattice constant[23]. In all the calculations performed, the top two layers of the slab were 
relaxed and the Brillouin zone was sampled using a 7x7x1 Monkhorst-Pack k point mesh[23].  
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Ru0.25Ni0.75 slab contains 25% Ru and 75% Ni). We studied S and C2H4 coverage effects by 
examining the following adsorbate (C2H4 and S) coverages -1/16ML, 1/8ML, 1/4ML and 
1/2ML - on a Ru0.25Ni0.75(111) surface. As seen in Fig. 4-1, the Ru0.25Ni0.75 alloy consists of 2x2 
unit cells with a Ni to Ru ratio of 3:1 in each of its 4 layers. The effect of Ru coverage was 
investigated by calculating S and C2H4 adsorption on three different NiRu alloys with varying 
concentrations of Ru – Ru0.33Ni0.67(111) (%Ru = 33), Ru0.22Ni0.78(111) (%Ru = 22)  and 
Ru0.11Ni0.89(111)(%Ru = 11) (Fig. 4-2). We used an adsorbate coverage of 1/9ML on each of the 
3 alloys. The Ru0.11Ni0.89(111) alloys consists of 3x3 unit cells and a Ni to Ru ratio of 8:1 in 
each of its three layers. The Ru0.22Ni0.78 and Ru0.33Ni0.67 alloys are similar to the Ru0.11Ni0.89 
alloy but they have a Ni:Ru ratio of 7:2  and 6:3, respectively, in each of their three layers. We 
also studied S and C2H4 adsorption on the surface of an inhomogeneous alloy. The presence of 
Ru-Ru bonds (as well as some Ni surface atoms that are coordinated to only two rather than 
three Ru atoms) in the inhomogeneous Ru0.25Ni0.75(111) alloy differentiates it from a 
homogeneous Ru0.25Ni0.75(111) alloy. More specifically, we looked at three different types of 
inhomogeneous alloys described below.  
1. Inhomogeneous alloy 3A which has Ru-Ru bonds between Ru atoms present on two 
separate layers of Ru0.25Ni0.75(111) alloy (Fig. 4-3(a)). 
2. Inhomogeneous alloy 3B which has a Ru-Ru bonds on the top surface layer with no Ru 
present in the second layer of the Ru0.25Ni0.75(111) (Fig. 4-3(b)).  
3. Inhomogeneous alloy 3C which has Ru-Ru bonds in the subsurface second layer of the 
Ru0.25Ni0.75(111) alloy and no Ru atoms on the top surface layer of the alloy (Fig. 4-
3(c)). 
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where the S is adsorbed. However, as suggested by Norskov et al., the adsorption of an atom or 
molecule on closely related transition metal surfaces cannot be explained in terms of the d-band 
center alone[40]. Studies by Hyman et al. indicate that S adsorption on Pd(111) and Pd 
bimetallic surfaces is dependent on the width of the d-band and the DOS near the Fermi 
level[25]. The DOS near the Fermi level is indicative of the number of occupied states available 
for bonding and the unoccupied states that reduce the anti-bonding repulsions. As seen in Fig. 
4-13, the width of the d-band of the Ni atom and the Ru atom is almost identical in both 
Ru0.25Ni0.75(111) and Ru0.11Ni0.89(111). However, the DOS near the Fermi level differs 
considerably. The Ru atom in Ru0.25Ni0.75(111) and the Ni atom in Ru0.11Ni0.89(111) have a 
higher density of occupied states near the Fermi level as compared to Ni atom in 
Ru0.25Ni0.75(111) and the Ru atom in Ru0.11Ni0.89(111). This explains why S adsorption energies 
are more favorable at -6.17eV and -6.06eV on the Ru-containing hollow in Ru0.25Ni0.75(111) and 
the Ni atom of Ru0.11Ni0.89(111), respectively. The DOS of the Ni and Ru atoms in a bimetallic 
NiRu(111) are shifted to higher energies upon S adsorption (not shown). A comparison of the 
density of states of a Ru atom on the surface of a homogeneous Ru0.25Ni0.75(111) alloy and a Ru 
atom in the inhomogeneous alloy 3A reveals a similar favorability for S adsorption when there 
an increased presence of electrons close to Fermi level (Fig. 4-14). Sulfur adsorption energy on 
the inhomogeneous alloy 3A is more favorable by 0.22eV as compared to that on the 
homogeneous alloy. These results concur with a similar observation made by Hyman et al. for S 
adsorption on Pd(111)[25]. Fig. 4-15 clearly depicts the linear relationship between the fraction 
of occupied states near the Fermi Level and the S adsorption energy on the Ru hollow site of 
various NiRu alloys. The fraction of states in a 1eV energy range i.e. between the [Fermi Level] 
  
and [Fer
[Fermi L
Figure 4
Ru0.11N
shaded 
unoccup
mi Level -1
evel] and [F
-13: Densit
i0.89(111), (c
region repr
ied region 
]. Fig. 4-16 
ermi Level
y of states 
) Ru atom i
esents the o
of the dban
depicts that 
 -0.5]. 
of the (a) N
n Ru0.25Ni0
ccupied sta
d. 
97
these results
 
i atom in R
.75(111) and
tes and the
 are true ev
u0.25Ni0.75(1
 (d) Ru atom
 unshaded 
en in a 0.5eV
11), (b) Ni a
 in Ru0.11N
region repr
 range betw
tom in 
i0.89(111). T
esents the 
een 
he 
  
Figure 4
the surf
states a
 
Figure 4
fraction
except R
-14: Densit
ace of the i
nd the unsh
-15: S adso
 of filled Ru
u0.25Ni0.75(
y of states 
nhomogene
aded region
rption ener
 states with
100). 
of the (a) R
ous alloy- 3
 represent
gy on the R
in 1eV of t
98
 
u atom in R
A. The shad
s the unoccu
u hollow si
he Fermi L
u0.25Ni0.75(1
ed region 
pied regio
 
tes of vario
evel. All th
11) and (b)
represents t
n of the dba
us NiRu al
e alloys hav
 Ru atom o
he occupie
nd. 
loys versus 
e a (111) fa
n 
d 
the 
ce 
  
 
Figure 4
fraction
alloys h
The 
C2H4, ca
area[41-
adsorbs 
an upwa
Fahmi e
mode[54
atoms o
that the 
They us
-config
-16: S adso
 of states in
ave a (111) 
importance 
n be determ
52]. Previou
with its C-C
rd bending 
t al. who fou
]. Experime
f C2H4 towa
adsorption s
ed DFT and
uration unli
rption ener
 the Ru ato
face except
of understan
ined from th
s experimen
 axis paralle
of the hydro
nd that the 
ntal studies
rds an sp3 co
trength of e
 HREELS e
ke either Pt(
gy on the R
m between
 Ru0.25Ni0.75
ding the bin
e large amo
tal work ha
l to the Ni(
gen atoms a
best adsorpt
 show that th
nfiguration
thylene on a
xperiments t
111) and W
99
u hollow si
the [Fermi
(100). 
ding and re
unt of DFT
s suggested 
111) surface
way from th
ion mode fo
ere is signi
 [55, 56]. W
 metal surfa
o reveal tha
(111) where
 
tes of vario
 Level] and
activity of s
 and experim
that, at low 
 and is adso
e surface.[5
r ethylene o
ficant rehyb
ork by Zelln
ce can be ch
t C2H4 bind
 it bonded s
us NiRu al
 [Fermi Lev
mall hydroc
ental resea
temperature
rbed on the 
3]. This was
n Ni(111) is
ridization of
er et al. hig
anged upon
s to Pt/W(11
trongly via 
loys versus 
el-0.5] . Al
arbons, such
rch done in 
s, ethylene 
bridge site w
 supported 
 the di- 
 the carbon 
hlights the f
 alloying[57
0) weakly v
a di- 
the 
l the 
 as 
this 
ith 
by 
act 
]. 
ia a 
   100
configuration[57]. Ethylene adsorption can be described in terms of the Dewar-Chatt-
Duncanson (DCD) model[58, 59]. According to this model, there is a donation of electrons 
from the  orbital of the adsorbate to the metal d-band and a back donation from the metal to the 
* orbital of the adsorbate. An alternative view is that the activation of C2H4 on a metal surface 
is due to spin uncoupling in the adsorbate that leads to an excitation to the triplet state and thus 
prepares the adsorbate for bond formation[60]. We observed an increase of 0.12 Å in the C-C 
bond length of ethylene for both the Ni(111) as well as the NiRu alloys in accordance with 
previous observations mentioned in the introduction. This increase in C-C bond length and the 
upward shift of hydrogen atoms can be attributed to the - mixing that occurs when ethylene 
binds to the NiRu bimetallic surface. Studies by Nilsson et al highlight the fact there is no 
change in charge density along the direction of the C-H bonds when C2H4 adsorbs to Ni(110) 
and Cu(110) indicating that these bonds do not play a role during adsorption on transition metal 
surfaces[61]. The DFT results indicate that ethylene binds preferentially atop the Ru atom in 
both Ru0.25Ni0.75(111) and Ru0.11Ni0.89(111). Fig. 4-11 shows that ethylene adsorption does not 
depend on the d-band center of the Ru atom on which it adsorbs.  However, C2H4 adsorption is 
more favorable on metal atoms (in this case Ru) that have a larger density of unoccupied states 
near the Fermi level as seen in Fig. 4-13. A clearer picture of the dependency of ethylene 
adsorption on the unoccupied d-states of a metal atom can be seen in Fig. 4-17.  This figure 
shows ethylene adsorption energy versus the percentage of unoccupied d-states in the Ru atom 
of various bimetallic NiRu(111) alloys. Ethylene adsorption becomes more favorable as the 
percentage of unoccupied d-states in a metal atom increases. The results discussed earlier 
indicate that C2H4 adsorption becomes more exothermic as the Ru concentration in the 
bimetallic alloy decreases. As seen in Fig. 4-13, this is because of the decrease in the percentage 
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The behavior of the NiRu catalyst is significantly different from that of either monometallic 
Ni(111) or Ru(0001). Sulfur adsorption energies on Ni(111), Ru0.25Ni0.75(111) and Ru(0001) are 
-6.77eV, -6.17eV and -5.24eV , respectively. Ethylene adsorption on Ru0.25Ni0.75(111) was more 
favorable at -1.37eV versus -0.77eV and -0.89eV on Ni(111) or Ru(0001), respectively. Thus, S 
adsorption is less favorable on the Ru0.25Ni0.75(111) than the Ni(111) slab and ethylene 
adsorption is more favorable on the bimetallic than either Ni(111) or Ru(0001). This change in 
adsorption energy values can be attributed to the change in electronic structure caused by the 
addition of Ru to the Ni(111) slab (Fig. 4-19). The Ru atom in Ru0.25Ni0.75(111) has a much 
higher density of unoccupied states above the Fermi Level than either the Ni atom in Ni(111) or 
the Ru atom in Ru(0001). Therefore, C2H4 adsorption is favored on the bimetallic 
Ru0.25Ni0.75(111) rather than the individual monometallic slabs. Likewise, S adsorption is more 
favorable on the Ni(111) slab due to the higher density of states near the Fermi Level in the Ni 
atom of the Ni(111) as compared to  Ru(0001) or Ru0.25Ni0.75(111). 
4.6 Summary 
Using DFT calculations, we have demonstrated that S and C2H4 adsorption on NiRu 
bimetallic alloys is affected by several factors - % Ru concentration in the NiRu alloy, the 
adsorption site, the face of the alloy and local surface conditions. We found that C2H4 
adsorption becomes more favorable with decreasing Ru concentration in the NiRu(111) alloys. 
S preferentially adsorbs on the Ru hollow site on all the NiRu(111) alloys we examined except 
Ru0.11Ni0.89(111). C2H4, on the other hand, preferentially adsorbs atop the Ru atom in all the 
NiRu(111) alloys studied. The differences in trends observed for S and C2H4 adsorption on the 
different NiRu(111) bimetallic alloys can be attributed to the difference in the adsorption 
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Chapter 5: Characterization of Ni-W/Al2O3 catalysts for ethylene reforming in the 
presence of sulfur 
5.1 Abstract 
The performance of two Ni-W/alumina catalysts with two different W loadings (W/Ni=0.1 
and W/Ni=0.33) was assessed for the steam reforming of ethylene in the presence and absence 
of 50 ppm H2S at 900ºC and compared to catalysts containing only W or Ni. The catalysts were 
characterized, before and after the reaction, by H2 chemisorption, temperature programmed 
reduction (TPR), X-ray diffraction (XRD), scanning electron microscopy (SEM) and extended 
X-ray absorption fine structure spectroscopy (EXAFS). In the absence of H2S, the trend for 
ethylene reforming is Ni/Al2O3 > W0.1Ni /Al2O3 > W0.3Ni /Al2O3 > W/Al2O3. The two Ni-
W/Al2O3 catalysts and W/Al2O3 do not reduce completely at 900ºC leading to lower activity. 
However, in the presence of H2S, the trend for ethylene reforming is W0.1Ni /Al2O3 > W0.3Ni 
/Al2O3 > Ni/Al2O3> W/Al2O3. The higher activity of the NiW catalysts under H2S exposure 
results from preferential adsorption of S on W sites, leaving Ni sites available for reaction. 
Although all Ni-containing catalysts recovered activity following removal of H2S, the Ni-W 
catalysts recovered more rapidly.  
5.2 Introduction 
With reserves of fossil energy sources becoming depleted, there is an increased demand for 
renewable energy sources. Ligonocellulosic biomass is an important renewable energy resource 
and gasification of biomass to syngas is one of the main routes for producing fuel from biomass. 
The primary impediment that reduces the efficiency of this process is the formation of tars 
during the gasification of biomass. Tars can be removed using filters and aqueous scrubbers but 
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this leads to a hazardous wastewater stream[1]. Thermal cracking of tars at high temperatures 
(>1100ºC) effectively breaks down the tars but at a high heat penalty[1, 2]. Catalytic reforming 
of syngas in the presence of steam is a clean and effective way of breaking down tars as it can 
be done at the same temperature as the gasifier[2].  Two types of catalysts are commonly used 
for the steam reforming of biomass tars – metal catalysts (Ni, Co, Pt based catalysts) and sulfide 
catalysts[3]. Ni-based catalysts such as Ni/Al2O3 have long been used for the steam reforming 
of hydrocarbons present in the syngas[4-7]. However, metal catalysts are very susceptible to 
sulfur poisoning [8-11]. Despite having a much higher tolerance to sulfur poisoning, sulfide 
catalysts have very low activity[12-14]. Sulfur is present mainly in the form of H2S in syngas 
and therefore our work focuses on identifying a Ni-based catalyst that is resistant to deactivation 
due to the presence of small (ppm) levels of H2S in syngas. 
 An approach used in several previous studies investigating sulfur resistant Ni- based 
catalysts was to include another metal in the catalyst. Marina et al. showed that surface Sb/Ni 
and Sn/Ni effectively minimized the negative effects of sulfur on the performance of Ni/zirconia 
anode supported solid oxide fuel cells[15]. Xie et al. compared the sulfur tolerance of CeO2-
Al2O3 supported Rh-Ni with that of monometallic Ni/CeO2-Al2O3 and monometallic Rh/CeO2-
Al2O3 during the steam reforming of liquid hydrocarbons[16]. They concluded that the Rh-Ni 
showed better sulfur tolerance because of the protective effect of Ni on Rh at 550ºC[16]. This 
study was supported by Strohm et al. who investigated low temperature steam reforming of jet 
fuel in the presence of sulfur over Rh/CeO2-Al2O3 and Rh-Ni/CeO2-Al2O3 and highlighted the 
improved sulfur resistance of the bimetallic catalyst[17]. Severe deactivation due to H2S 
poisoning was seen during ethylene hydrogenation on monometallic nanoscale clusters of Ni or 
Mo dispersed across the surface of zeolite chabazite (CHA). The bimetallic NiMo/CHA on the 
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other hand showed significant resistance to sulfur poisoning[18]. The addition of a second metal 
to Ni-based catalysts can significantly change the electronic structure of the catalyst and this in 
turn changes the way the catalyst reacts to sulfur. The d band structure of an alloyed catalyst is 
different from that of a monometallic catalyst[19, 20]. Rodriguez et al. used synchrotron based 
high resolution photoemission and ab intio self consistent field calculations to show that the 
redistribution of electrons that occurs in a bimetallic such as Sn/Pt makes it much more resistant 
to sulfur than pure Pt[21].  
A bimetallic catalyst system of particular interest is Ni-W. Ni-W is very effective as a 
hydrodesulfurization (HDS) catalyst [22-27]. NiW deposited on zirconium-doped mesoporous 
silica was proven to be an excellent catalyst for the hydrogenation and ring opening of tetralin 
in presence of high pressure hydrogen with a high tolerance to dibenzothiophene[28]. Sheng et 
al. investigated the sulfur tolerance of nanoparticle Ni-W catalysts with different tungsten 
loadings for the hydrogenation of thiophene containing ethylbenzene [3]. They observed that a 
W/Ni ratio of 0.16 showed the highest activity and the maximum resistance to sulfur poisoning. 
They attributed these results to the increased surface area of the catalyst. Wang et al. compared 
the catalytic activity and sulfur tolerance of Ni-W/Al2O3 and Ni-Re/Al2O3 for the conversion of 
gasoline to hydrogen[29]. They concluded that W acts as a promoter to improve sulfur tolerance 
of the catalyst. The presence of S in NiW catalysts leads to the formation of Ni-W sulfides 
which has been shown to aid certain reactions [30, 31]. For instance, unsupported Ni-W sulfide 
catalysts were tested for cyclohexanone hydrogenation under atmospheric pressure conditions 
and showed much higher selectivity towards cyclohexane than pure Ni[32]. 
Thus, Ni-W/Al2O3 has been found to be highly efficient as a hydrodesulfurization and 
hydrogenation catalyst (both in the presence and absence of H2S). However, it has not been 
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investigated extensively as a potential catalyst for the steam reforming of model tar 
components.  Thus, we  used these past Ni-W catalyst studies as the basis for investigating Ni-
W/Al2O3 as a possible sulfur resistant catalyst for the steam reforming of a single tar 
component, ethylene. In our previous work, we have shown that activity toward ethylene 
reforming over Ni-based catalysts is generally correlated with other recalcitrant components, 
such as methane and benzene[33].  In this paper, we compare the activity and sulfur resistance 
of Ni/Al2O3 and two different Ni-W/Al2O3 (W/Ni=0.1 and W/Ni=0.33) catalysts for the steam 
reforming of a simple hydrocarbon, ethylene. We have also characterized the reduced and post 
reaction catalyst samples using several techniques including temperature programmed reduction 
(TPR), X-ray diffraction (XRD), scanning electron microscopy (SEM) and extended X-ray fine 
structure (EXAFS) to understand the significance of the addition of W to the Ni/Al2O3 catalyst 
and its effect on the steam reforming of C2H4 both in the presence as well as the absence of H2S. 
5.3 Methods 
5.3.1 Catalyst synthesis 
A series of catalysts were prepared via incipient-wetness impregnation.  During the 
synthesis, the precursors were dissolved into an aqueous solution that was then added, dropwise, 
to the catalyst support to fill the appropriate pore volume.  Catalyst precursors for nickel and 
tungsten were nickel nitrate hexahydrate, Ni(NO3)2·6H2O (Aldrich), and ammonium 
metatungstate, (NH4)6W12O39 (Aldrich), respectively.  The catalyst supports that were used were 
fluidizable and attrition-resistant so that the materials could be used in a fluidizing environment 
as necessary.  The support was alpha-alumina (α-Al2O3, Saint Gobain Norpro), a proprietary 
support from CoorsTek Ceramics which consists of 90% α-Al2O3 and a specified mixture of 
other oxides.  In instances when more than one impregnation was used, the impregnated support 
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was dried in air at 110°C for at least 3 h, to evaporate water and restore pore volume, before 
additional impregnations were performed.  Following impregnations, the catalysts were calcined 
by heating in air at a rate of 10 K/min to 900°C and held for 3 h.  Table 5-1 shows the 
designation and composition of the catalysts that were synthesized for this study. Catalyst 
naming corresponds to the molar ratio between Ni and the promoter (e.g W0.33Ni/-Al2O3 
corresponds to 6%Ni/-Al2O3 with a 0.33:1 W:Ni molar ratio). 
Designation Composition (wt%) 
Ni, Ni-only 6.00% Ni on Al2O3  
W0.1Ni 6.00% Ni, 1.88% W on Al2O3 
W0.33Ni 6.00% Ni, 6.26% W on Al2O3 
W, W-only 6.26% W on Al2O3  
Table 5-1:Compositions of the catalysts synthesized. 
5.3.2 Catalyst characterization 
  H2 chemisorption was conducted at 40ºC on a quantachrome autosorb instrument. The 
reduced samples were prepared by heating the sample from 25-900 C at 10 C/min in 
10%H2/N2, and then held at 900 °C for 30 min.  The post-reaction samples were heated at 10C 
/min to 300ºC and held for 10 min prior to analysis. Catalyst dispersion was  calculated 
assuming one adsorbed H atom per surface Ni atom, with a Ni surface area of 1.2x1019 
atoms/m2 based on an equal distribution of the  three lowest index planes of  nickel (fcc) [34, 
35]. Temperature-programmed reduction (TPR) was done on 200 mg of sample using 
10%H2/Ar and ramping from 50-850 C at 10 C/min and H2 consumption was measured using 
a TCD to reference the reactor inlet stream to the gas at the reactor exit, after being sent through 
molecular sieves to remove moisture.  X-ray diffraction (XRD) scans from 20-80 2 were 
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performed on a Scintag diffractometer using a step size of 0.02°. Electron microscopy was 
conducted using a field emission scanning electron microscope (JSM-7401F) at the 
Nanomaterials Characterization Facility (University of Colorado, Boulder). An Energy 
Dispersive X-ray Spectrometer (EDS) installed in this microscope was used for local elemental 
analysis of catalyst samples. Acceleration voltages in JSM-7401F range from 0.1 to 30kV with 
a special sample bias voltage option that helps eliminate surface charging.  X-ray absorption 
fine structure (XAFS) spectroscopy was performed at DuPont-Northwestern-Dow (DND) 
Collaborative Access Team (CAT) beamline 5-BM-D (BM = bending magnet, 
http://www.dnd.aps.anl.gov/) at the Advanced Photon Source, Argonne National Laboratory. 
The XAFS spectra was analyzed using the Athena software package as described previously by 
Yung et al.[36-39]. 
5.3.3 Ethylene steam reforming 
 Reactions on powdered catalyst samples were conducted in a fixed-bed reactor, with the 
catalyst held in place between quartz wool plugs within a quartz, U-tube reactor and heated by 
an electric furnace. Gas flow rates were controlled by mass flow controllers (MKS Instruments) 
and steam was introduced by adjusting helium flow through a gas washing bottle filled with DI 
water and heated in an oil bath to 70°C. All lines downstream of the bubbler were heat traced 
(>100°C) to prevent condensation. The composition of the hot gas stream was measured using a 
Dycor Proline mass spectrometer. The reactor system had a bypass flow line for feed analysis 
before and after each reaction. Catalysts (175 mg) were heated from 25-900 C at 10 C/min in 
10%H2/N2, and then held at 900 °C for 30 min to pretreat the samples prior to reaction.   All 
flow rates (dry) were 100 sccm in the reaction studies.  Catalyst tests lasted 3 h, consisting of i) 
60 mins exposure to reaction gases without H2S, ii) 30 mins exposure to reaction gases with 
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H2S, and iii) 90 mins exposure to reaction gases without H2S. Catalysts were examined for 
ethylene steam reforming (2% C2H4, 50 ppm H2S when included, 32% H2O and balance He).  
These reaction studies were performed at 900C. 
5.3.4 Theoretical studies 
The binding energies of S and C2H4 on Ni based alloys were calculated using the Vienna 
Ab-initio Simulation Package (VASP)[40, 41]. A plane wave cut off energy of 350eV was used 
for all the calculations and spin polarization was implemented in these calculations. The Kohn-
Sham one electron valence states were expanded in a plane wave basis set using the projector 
augmented wave (PAW) method[42]. In order to determine the equilibrium lattice constant, the 
bulk Ni or  Ni alloy  was geometrically optimized with a 11 x 11 x 11 Monkhorst-Pack  k–point 
mesh to obtain the lowest energy lattice constant[43]. The three slabs used in this study are: (i) 
Ni(111), (ii) W0.11Ni0.89(111) and (iii) W0.33Ni0.67(111) as shown in Fig. 5-1. The Ni(111) slab 
consists of 3 layers of 3x3 unit cells. Alloy naming corresponds to the ratio between Ni and W 
(i.e.  W0.11Ni0.89(111) represents an alloy 11% W and 89% Ni). The W concentrations were 
chosen to match the W loading in the catalysts made via incipient wetness. The W0.11Ni0.89(111) 
alloy  consists of 3 layers of 3x3 unit cells with Ni to W ratio of 8:1 in each of its three layers. 
The W0.33Ni0.67(111) alloy consists of 3 layers with a Ni to W ratio of 6:3 in each of the three 
layers. An adsorbate coverage of 1/9ML was used for all the calculations in this study. In all the 
calculations performed, the top two layers of the slab were relaxed and the brillouin zone was 
sampled using a 5x5x1 Monkhorst-Pack k point mesh. The most stable geometrical 
configuration was obtained by placing the adsorbate in atop, bridge, fcc hollow and hcp hollow 
sites and identifying the site with the lowest energy. The equations used to calculate the reaction 
energies are shown in appendix B. 
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computed dispersion of the various catalysts used in this study. The reduced catalysts have 
higher dispersions than the post reaction catalysts. The particles on the reduced Ni/Al2O3 
catalyst are also much more dispersed at 0.96% versus 0.50% and 0.43% on W0.1Ni/Al2O3 and 
W0.33N/Al2O3, respectively. It is interesting to note that the catalyst activity prior to H2S 
addition does not appear to be strongly correlated with the Ni dispersion on the catalyst: that is, 
while W0.1Ni/Al2O3 and W0.33N/Al2O3 catalysts have similar surface areas, the initial rate of the 
catalyst with lower W content is significantly higher, suggesting a bimetallic effect.  However, 
it is also clear that the activity changes dramatically over time for both W-containing catalysts, 
consistent with a structural change from the reduced form of the catalyst as discussed below.  
Catalyst H2 uptake 
(µmol H2/g 
catalyst) 
Dispersion 
(%) 
Ni/Al2O3a 4.09 0.80 
W0.1Ni/Al2O3 a 2.54 0.50 
W0.33Ni/Al2O3 a 2.21 0.43 
Ni/Al2O3 b 2.22 0.44 
W0.1Ni/Al2O3 b 1.43 0.28 
W0.33Ni/Al2O3 b 1.34 0.26 
a represents a reduced catalyst. 
b represents a post reaction catalyst 
Table 5-2: H2 chemisorption on reduced and post reaction catalyst samples. 
 
5.4.3 Temperature programmed reduction 
The TPR profiles of the Ni/Al2O3, W0.1Ni/Al2O3, W0.33Ni/Al2O3, and W/Al2O3 catalysts are 
shown in Fig. 5-4. As observed previously by Joo et.al., the NiO reduction peak for a pure Ni 
catalyst extends from 300 to 400ºC[44]. The NiO reduction peak for W0.1Ni/Al2O3 is at a higher 
temperature than that of a monometallic Ni catalyst indicating that the presence of W decreases 
the reducibility of the catalyst, but that the less reducible W component is reduced during Ni 
reduction, consistent with intimate contact of the two metal components. The W0.33Ni/Al2O3 
catalyst has several reduction peaks that highlight the presence of several oxide phases assigned 
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5.4.4 X-ray diffraction 
The XRD spectra of reduced and post reaction samples of the Ni-based catalysts with 
various loadings of W are shown in Fig. 5-5. We observed a Ni(111) and a Ni(200) metallic 
peak in the reduced Ni/Al2O3 catalyst at 44.5º and 51.8º degrees, respectively. The same 
metallic Ni phases were shifted to lower 2θ values in both reduced W0.1Ni/Al2O3 and reduced 
W0.33Ni/Al2O3 .The Ni(111) peak was shifted to 44.3º in the reduced W0.1Ni/Al2O3 catalyst and 
is masked by the Al2O3 peak at 44.1º in W0.33Ni/Al2O3. The Ni(200) peak in reduced 
W0.1Ni/Al2O3 and reduced W0.33Ni/Al2O3 was shifted to lower 2θ values  by 0.2º and 0.4º, 
respectively, from the initial value of 51.8º in the pure Ni catalyst. This shift to lower 2θ values 
represents an increase in lattice parameters. The lattice spacing for the reduced and post-
reaction Ni/Al2O3 catalysts was calculated as 3.52Å using the (111) and (200) reflections. Cubic 
nickel (PDF# 65-2865) has reflections at 44.5° and 51.8° for the (111) and (200) planes, 
respectively, which correspond to a lattice spacing of 3.52Å. The lattice spacing for reduced 
W0.1Ni/Al2O3 is 3.54 Å and that for reduced W0.33Ni/Al2O3 is 3.56 Å. This increase in the NiW 
lattice parameters is most likely because W (139pm) has larger atomic radius than Ni (83pm). 
The Ni(111) and Ni(200) peaks are not as pronounced on the bimetallic NiW catalysts as they 
are on a pure Ni catalyst suggesting a decrease in the crystallinity of the catalyst with the 
addition of W. We also observed a NiWO4 peak and a WO3 peak at 29.2º and 40.9º, 
respectively, in the reduced W0.33Ni/Al2O3 but similar peaks were not observed in 
W0.1Ni/Al2O3. The presence of the WO3 peaks in reduced W0.33Ni/Al2O3 catalyst suggests that 
the catalyst has not been completely reduced at 900 ºC. The low peak at 22º and 51.4º in 
W0.33Ni/Al2O3 can be attributed to the Ni3W phase. The XRD profile of the reduced W/Al2O3 
catalyst indicates the presence of several WO3 peaks at 40.9°, 59.1° and 74°, respectively.  
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The post reaction Ni/Al2O3 XRD profile is almost identical to the reduced Ni/Al2O3 XRD 
profile. However, there are significant changes in the post reaction XRD profiles of the two 
bimetallic catalysts as compared to the profiles of the reduced samples. We found new NiWO4 
peaks in the post reaction bimetallic samples that were not present in the reduced sample. The 
catalyst with a higher W loading, W0.33Ni/Al2O3, has more NiWO4 peaks suggesting that W has 
the tendency to form oxides in the presence of steam. The peaks at 31.9°, 36° and 55° in the 
post reaction W0.33Ni/Al2O3 can be attributed to NiWO4[46]. We also observed a small NiWO4 
peak at 31.9° in the W0.1Ni/Al2O3 catalyst.  We found that the two metallic Ni phases (Ni(111) 
and Ni(200)) were shifted to higher 2θ values in the two post reaction bimetallic samples. This 
indicates a decrease in the lattice spacing in the two post reaction bimetallic NiW samples as 
compared to the monometallic Ni sample. The lattice spacing of the two post reaction bimetallic 
samples was almost equal to that of a pure Ni catalyst (i.e. 3.52 Å). 
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likelihood that small particles are not detected in the image. SEM images of samples obtained 
after the first step in the steam reforming reaction (i.e. before H2S is introduced) reveal that the 
sintering occurred after the Ni/Al2O3 was exposed to steam. This is qualitatively consistent with 
the reduced dispersion based on chemisorption.  We observed a noticeable difference in the 
particle shape of the reduced and post reaction W0.1Ni/Al2O3 catalyst. The particles, despite 
being fairly large in the post reaction W0.1Ni/Al2O3 catalyst (0.54 µm, standard deviation = 0.40 
µm), have a very different shape than the particles in the reduced form of the same catalyst. The 
particles in post reaction W0.1Ni/Al2O3 are similar in shape to those observed in reduced and 
post reaction Ni/Al2O3. Figures 5-8(a) and 5-8(b) show the SEM images of reduced 
W0.1Ni/Al2O3 and the catalyst after the first hour of the reforming reaction (i.e. prior to the 
introduction of H2S). It is evident from these figures that the change in morphology results from 
operation under reaction conditions (in the presence of steam) at 900ºC. A similar change in the 
morphology of the NiW catalyst was previously observed by Hernandez et al. during the steam 
reforming of ethanol on Ni-W/Al2O3[47].  
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5.4.6 EXAFS 
A model of the EXAFS spectra was evaluated using physical and chemical information 
from previous studies on these catalysts and insight available from the literature. Previous 
studies have shown that oxidation of a portion of the Ni phase to form nickel oxide can coincide 
with deactivation of Ni/Al2O3 catalysts during hydrocarbon steam reforming[36]. Due to lack of 
accurate values for the scattering amplitude and phase-shift for a Ni-W shell, fitting was limited 
to the Ni-Ni and Ni-O shells.  The results from this model are found in Table 5-3 with the 
accompanying Fourier transform of the Ni K-edge EXAFS spectra for the reduced and post-
reaction Ni/Al2O3 and W0.33/Al2O3 catalysts shown in Fig. 5-9, along with the spectra of the Ni 
foil.  All of the samples show generally good agreement with the Ni foil reference material and 
are consistent with the X-ray diffraction patterns on these materials, which indicate that a 
metallic Ni phase was the predominant form of crystalline Ni found within the samples.  In 
comparing the reduced and post-reaction samples, there is an increase in the Ni-Ni coordination 
number for both the Ni/Al2O3 and W0.33/Al2O3 catalysts, which is evident from the increased 
intensity of the FT peaks near 2.2 Å (phase uncorrected). This increase in Ni-Ni coordination on 
the post-reaction catalysts would be consistent with an increase in average particle size in which 
Ni-Ni bonds were present, which could arise from sintering. Another plausible explanation 
would be phase segregation that removed dopants (e.g., tungsten) from a bimetallic material, 
thereby increasing the Ni-Ni coordination.  For the freshly reduced catalysts, the Ni-Ni 
coordination was higher for the Ni-only sample than for the Ni-W catalyst, which likely arises 
from tungsten being incorporated into the Ni framework and occupying neighboring sites where 
Ni would be situated. The post-reaction Ni/Al2O3 catalyst and both the reduced and post-
reaction W0.33/Al2O3 catalysts also showed the presence of an oxidized form of nickel, as 
indicated by the Ni-O absorbed-backscatter pair near 1.3 Å (phase uncorrected). The Ni-O 
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Catalyst Absorber 
backscatterer 
pair 
CN 
(+/20%) 
R(Å) 
(+/0.02Å) 
ΔE0(eV) 
 
σ2(Å2) 
 
Ni foil Ni-Ni 12.00 2.48 4.83 0.006 
Ni/Al2O3a Ni-Ni 7.20 2.49 5.71 0.004 
W0.33Ni/Al2O3 a Ni-Ni 7.00 2.51 5.46 0.005 
Ni-O 2.50 1.66 6.20 0.015 
Ni/Al2O3 b Ni-Ni 8.50 2.46 3.74 0.005 
Ni-O 3.50 1.65 -1.96 0.005 
W0.33Ni/Al2O3 b Ni-Ni 8.00 2.49 -7.90 0.006 
Ni-O 2.00 1.67 -4.70 0.024 
XCN is the coordination number, ΔEo is the inner potential correction, R is the interatomic Ni-
Ni distance and σ2 is the mean square displacement in the distribution of interatomic distances. 
a represents a reduced catalyst. 
b represents a post reaction catalyst. 
Table 5-3: The Ni-edge EXAFS fitsX. 
5.4.7 Theoretical Results 
In chapter 3, we have used DFT to study S adsorption on three different Ni based alloys – 
Ni, NiSn and NiRu. We found that S adsorption was least favorable on NiSn followed by NiRu 
and pure Ni. These DFT results correlated with the ethylene reforming reactions on Ni, NiRu 
and NiSn in the presence of H2S. We used DFT to rationally design catalysts. However, besides 
being the basis for catalyst design, DFT results also enabled us to understand the reasons for the 
change in the catalyst properties of the Ni catalyst on the addition of Sn and Ru. Therefore, we 
used DFT again to understand the behavior of NiW catalysts. 
Table 5-4 shows the results for 1/9ML S and C2H4 on Ni(111), W0.33Ni0.67(111) and 
W0.11Ni0.89(111). Sulfur adsorption is most favorable on W0.33Ni0.67(111) of all the slabs 
examined for this study  at -7.27eV. However, the S adsorption energy is more negative on 
Ni(111) than W0.11Ni0.89(111) by 0.12eV. On both the NiW alloys, sulfur adsorbs on a hollow 
site that includes two Ni atoms and one W atom.  
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Slab S adsorption  
energy (eV) 
C2H4 adsorption 
energy(eV) 
Ni(111) -6.22 -0.80 
W0.11Ni0.89(111) -6.1 -0.73 
W0.33Ni0.67(111) -7.29 -1.35 
Table 5-4: S and C2H4 adsorption energies. 
5.5 Discussion 
We observed an interesting change in the behavior of the Ni based catalysts in the presence 
and absence of H2S. In the absence of H2S, in the first 60 minutes of the ethylene reforming 
reactions, Ni/Al2O3 showed much higher conversions than either W0.1Ni/Al2O3 or 
W0.33Ni/Al2O3. Ni/Al2O3 has more active sites per gram of the catalyst than either of the two 
NiW alloys as seen in Table 5-2.  The higher surface area of Ni/Al2O3 as compared to the two 
NiW catalysts is likely the major cause for the observed trend in activity for the reforming of 
ethylene in the absence of H2S. However, there are other factors that lead to a change in the 
behavior of the Ni catalyst on the addition of tungsten. Tungsten forms very strong oxides that 
are much harder to reduce. The TPR profile of W/Al2O3 clearly indicates that WO3 in the 
catalyst does not reduce completely at 900ºC. Thus, the addition of W to Ni/Al2O3 decreases the 
reducibility of the Ni catalyst as can be seen in Fig. 5-4. The active surface of Ni-based catalysts 
is metallic under reaction conditions[48, 49] and therefore, the presence of oxides leads to a loss 
in activity of the NiW catalysts.   
Upon the addition of H2S, there is a remarkable change in the order of activity of the 
catalysts. All the catalysts lost considerable activity. However, the two NiW catalysts, 
W0.1Ni/Al2O3 and W0.33Ni/Al2O3, performed better than Ni/Al2O3. This can be attributed to the 
formation of tungsten sulfides. Several studies have shown that W is sulfided before Ni in a 
NiW catalyst leading to the formation of WS2[50-52].  Kelly et al. found that the Ni atoms are 
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then transported to the step edges of WS2 leading to improved catalyst activity[50]. The 
catalysts in these studies were exposed to very high levels of sulfur in order to facilitate 
complete sulfidation of the catalyst. Sato et al. studied naphthalene reforming activity in the 
presence of much lower and more comparable levels of H2S (300ppm) on several NiW 
catalysts[53]. They suggested that the NiW catalysts show improved resistance to sulfur 
poisoning as W promotes the dissociation of S from Ni and enables the retention of a larger part 
of active Ni[53]. Likewise, in the current study, W sites that are not reactive during ethylene 
reforming are hypothetically sulfided more than the Ni sites and therefore the W promoted 
catalysts are able to retain more activity in the presence of sulfur than Ni/Al2O3.  
In the final step of the ethylene reforming reaction, we found that all the Ni based catalysts 
recovered activity. It has been previously reported that H2S desorbs from Ni/Al2O3 catalyst at 
high temperatures over 800°C[54, 55]. NiW catalysts are known to be highly active for 
hydrodesulfurization reactions where sulfur compounds adsorbed on the catalyst surface are 
converted to H2S in the presence of H2[22, 23, 56, 57]. Therefore, the recovery of activity on all 
the Ni based catalysts considered in this study is to be expected. However, Sato et al. suggested 
that the rate of H2S desorption at higher rate from the NiW catalyst as compared to a pure Ni 
catalyst[53]. We observed this difference in the desorption rate in the ethylene steam reforming 
experiments shown in Fig. 5-3.  Thus, the addition of W to the Ni based catalyst leads to a 
bimetallic effect that favors desorption of H2S from the catalyst. 
It is useful to briefly comment on the decrease in activity of all catalysts with time on-
stream.  All the Ni based catalysts lost activity throughout the steam reforming reaction due to 
both oxidation as well as sintering. A comparison of the surface areas of the reduced and post 
reactions samples in Table 5-2 highlights the decrease in the H2 uptake and surface area of the 
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post reaction catalysts. As indicated above, these results are consistent with other 
characterization methods, which suggest a loss of active sites due to a combination of particle 
sintering and oxidation.  It is interesting that the extent of loss of active sites is largely 
independent of the W content of the catalyst.  Further work is needed to determine if the similar 
loss in activity is driven by similar processes across both Ni and NiW catalysts, or if in this case 
it is a result of a coincidental balancing of oxidation and sintering processes. 
5.6 Conclusion 
We studied ethylene steam reforming in the presence and absence of H2S on four different 
catalysts – Ni/Al2O3, W0.1Ni/Al2O3, W0.33Ni/Al2O3 and W/Al2O3. Unlike Ni/Al2O3, W/Al2O3 
has extremely low activity for the reforming of ethylene. However, the addition of W to 
Ni/Al2O3 can lead to very favorable changes in the activity of the catalyst in the presence of 
sulfur. In the absence of sulfur, W0.1Ni/Al2O3 and W0.33Ni/Al2O3 show slightly lower activity 
than a pure Ni/Al2O3 catalyst for C2H4 reforming. However, in the presence of sulfur, the 
preferential adsorption of S on W-containing sites leads to less Ni sites being poisoned in the 
NiW bimetallic catalysts as compared to a pure Ni catalyst. This, in turn, leads to the NiW 
bimetallic catalysts having improved activity in the presence of sulfur as compared to Ni/Al2O3. 
The desorption rate of H2S is much higher on the NiW catalysts than the monometallic Ni 
catalyst.  Besides sulfur poisoning, the two other causes for the deactivation of the two NiW 
catalysts are oxidation and sintering. Several characterization techniques used in this study have 
revealed that NiW does not completely reduce even at temperatures as high as 900ºC. Further 
oxidation of the W0.1Ni/Al2O3 and W0.33Ni/Al2O3 takes place during the steam reforming 
reactions. The Ni/Al2O3 catalyst loses activity largely due to sulfur poisoning and sintering. 
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Chapter 6: Conclusions  
6.1 Identifying Ni based sulfur resistant catalysts 
The focus of this work has been to identify Ni based bimetallic sulfur resistant hydrocarbon 
reforming catalysts and understand the reasons for trends in activity in the absence and presence 
of H2S. H2S decomposition to sulfur is highly exothermic on a pure Ni catalyst [1-4]. In our 
work, we added a second metal to the Ni based catalyst and determined the effect it had on the 
sulfur resistance of the catalyst. It was important to ensure that activity of the catalyst was not 
negatively impacted by the modification of the Ni catalyst. In order to do this, we tested the 
activity of the modified catalysts for the reforming of a simple hydrocarbon, ethylene. We used 
a combined theoretical and experimental approach to identify Ni based catalysts that are 
resistant to sulfur poisoning while still retaining its activity for the steam reforming of ethylene. 
Density functional theory (DFT) was used to screen several Ni based alloys –NiSn, NiRu, 
NiPd, NiPt, NiCo, NiFe- for ethylene adsorption and H2S decomposition. DFT calculations 
revealed NiSn(111) to be the most resistant to sulfur poisoning and NiRu(111) was found to 
favor ethylene adsorption (both in the presence and absence of sulfur) the most of all the alloys 
screened for this study. Upon identifying Ni alloys that would favor ethylene reforming in the 
presence of sulfur using DFT, we then tested them in a packed bed reactor system. We made 
several Ni based catalysts via incipient wetness with a Ni loading of 6wt% and different ratios 
of Ni to the second metal including Sn0.01Ni/Al2O3 (100:1), Sn0.1Ni/Al2O3 (10:1), Ru0.1Ni/Al2O3 
(10:1) and Ru0.33Ni/Al2O3 (3:1). The trend in ethylene reforming activity in the absence and 
presence of H2S was NiRu> Ni> NiSn.  This trend was in agreement with the DFT calculations.  
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NiW is known to be effective as a catalyst for hydrodesulfurization reactions [5-10]. 
However, there are not many studies that have examined the role of NiW as a catalyst for the 
steam reforming of hydrocarbons. Therefore, we investigated NiW as a potential sulfur resistant 
steam reforming catalyst. We found that in the absence of H2S in the feed stream, a pure Ni 
catalyst performed better than a NiW catalyst. We also found that the activity of the NiW 
catalyst decreased with an increase in the W loading. After introducing H2S in the feed stream, 
we found that the NiW catalysts have higher activity as compared to a pure Ni catalyst. 
6.2 Sensitivity to model assumptions 
The models examined using DFT differed based on the second metal in the Ni alloy. Several 
studies in the past have concluded that the Sn atoms in the NiSn(111) alloy are expected to 
surface segregate at high temperatures due to the difference in chemical potential between the 
surface and the bulk[11, 12]. Thus, our model of the NiSn (111) slab included Sn atoms only on 
the top surface layer of the alloy. 
The NiRu(111) catalyst, on the other hand, is unlikely to form Ni or Ru skins at high 
temperatures[13, 14]. Therefore, we used NiRu(111) slabs that contained Ni and Ru atoms both 
on the surface as well as in the bulk. There are several ways in which Ni and Ru atoms can be 
arranged in a NiRu slab. In order to simplify our study, we studied S and C2H4 adsorption on 1 
homogeneous alloy and 3 different types of inhomogeneous alloys described in the earlier 
chapters. Our results indicate that S and C2H4 adsorption energies are dependent on the 
arrangements of the atoms in the alloy. 
We also examined S and C2H4 adsorption on the (100) face of the NiRu slab and compared 
the results to that on a (111) face of the slab. We found that the trends for S and C2H4 
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adsorption on the (100) face is identical to that on a (111) face. However, the (100) face is more 
open and therefore the adsorption energies were slightly more exothermic on the (100) face as 
compared to the (111) face. 
Thus, S and C2H4 adsorption energies are sensitive to the surface structure as well metal 
distribution. The difference in S and C2H4 adsorption energies on the various alloys examined 
for this study can be explained by the electronic (d-band) structure of the alloys as described 
below. 
6.3 Electronic effects  
We used DFT to study the electronic structure of Ni, NiSn and NiRu in order to understand 
the trends we observed during the ethylene reforming reactions. The d-band center is often a 
very good indicator of catalyst behavior [15-18]. The d-band center of a Ni atom in a NiSn alloy 
was far below the Fermi level than the d-band center of a Ni atom in the Ni slab. This is 
consistent with both S and C2H4 are not stabilized to the same extent on the NiSn alloy as they 
are on the pure Ni slab. 
The d-band center alone did not sufficiently explain the behavior of the NiRu alloy as the 
differences in energy are smaller in magnitude in the NiRu alloy as compared to the NiSn alloy. 
Therefore, in the case of the NiRu alloy, we looked at S and C2H4 adsorption on a variety of 
different NiRu slabs. We found that S adsorption on all of the NiRu slabs examined for this 
study was highly dependent on the density of states near the Fermi level. Sulfur adsorption was 
favored on slabs and more specifically, on metal sites that had a very high density of states near 
the Fermi level i.e. a 1eV range from [Fermi Level] to [Femi Level -1]. 
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C2H4 adsorption, on the other hand, depends largely on the density of states immediately 
above the Fermi level. C2H4 adsorption involves the donation of electron from the bonding 
orbital of C2H4 to the metal d-band and a back donation of charge from the metal to the anti 
bonding orbital of C2H4[19, 20]. The presence of a large density of states above the Fermi Level in 
the d-band of the metal in consideration leads to less repulsion during the transfer of electrons to 
and from ethylene. Thus, C2H4 adsorption is stable on site, of the various NiRu slabs, that have 
a high density of states above the Fermi Level. 
6.4 Catalyst characterization 
We used several characterization techniques to study the differences in the reduced and post 
reaction catalyst samples including temperature programmed reduction (TPR), X-ray diffraction 
(XRD), scanning electron microscopy (SEM) and extended X-ray absorption spectroscopy 
(EXAFS). TPR profiles of the various catalysts used in this study hinted at a close interaction 
between Ni and the second metal in the bimetallic catalysts. The addition of Ru was found to 
improve the reducibility of the Ni catalysts while the reverse was true in the case of Sn. XRD 
profiles of the reduced and post reaction NiSn and NiRu catalysts indicate that there is an 
increase in lattice parameters caused by the addition of the second metal. This increase was 
previously observed in the optimized geometries obtained from DFT calculations. SEM images 
of the reduced and post reaction catalyst samples suggest that the metal crystallites in the NiRu 
and NiSn catalysts are fairly large (in the µm range).Line scans and X ray mapping obtained 
using energy dispersive X ray spectroscopy (EDS) are indicative of the fact that Ni and the 
second metal (Ru, Sn) are in intimate contact with each other in the bimetallic catalysts. EXAFS 
was used to confirm the presence of Ni-Ru bonds in the NiRu catalysts. Thus, characterization 
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of the bimetallic catalysts using these techniques helped us gain a substantial amount of 
information about the interactions between the two metals in a bimetallic catalyst. 
We also used techniques such as TPR, XRD, H2 chemisorption, SEM and EXAFS to 
understand the change in catalyst properties caused by the addition of W. TPR profiles of the 
NiW catalysts reveal that W decreases the reducibility of the catalyst. XRD profiles of reduced 
NiW samples with a high W loading highlight the presence of oxides (NiWO4) even prior to the 
ethylene reforming reactions. The lack of complete reduction of the oxides in the NiW catalysts 
led to them having lower activity as compared to the pure Ni catalyst in the absence of H2S. As 
noted by previous studies, in the presence of H2S, W promotes the transfer of S from Ni sites to 
W sites[21, 22]. SEM highlighted the fact that both NiW and Ni sintered considerably when 
exposed to steam. This is especially evident in NiW where we saw a change in morphology 
after exposure to steam at 900ºC. H2 chemisorption was used to confirm that the catalyst had in 
fact sintered over the course of the reaction leading to deactivation. Both Ni and NiW oxidized 
to some extent in the presence of steam. We observed the presence of oxides in the post reaction 
XRD profiles of the catalysts that were not present in the reduced catalysts. EXAFS indicated 
the presence of Ni-O in the post reaction catalyst samples. Thus, the two NiW catalysts used in 
this study performed better than the pure Ni catalyst in the presence of H2S. We also 
investigated how much activity each catalyst recovered on the removal of H2S. We found that at 
high temperatures, desorption of H2S is favored on both Ni and well NiW. However, the rate of 
H2S desorption is higher in the NiW catalyst as compared to the pure Ni catalyst. Thus, while 
all the catalysts were affected to a similar degree by oxidation and sintering, the two NiW 
catalysts favored H2S desorption much more than Ni/Al2O3. 
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6.5 Further improving the activity of Ni based catalysts  
We used a simple alkene, ethylene, as our probe molecule in this work. The most important 
next step in this work would be to extend it to include the reforming of other hydrocarbons - 
alkanes, alkenes and aromatics. We used DFT to study CH3 adsorption on Ni(111) and 
NiRu(111) and found that the trends for CH3 adsorption on these surfaces are similar to those 
for  C2H4 adsorption. However, the aromaticity of certain hydrocarbons in tar can significantly 
change the way the hydocarbon reforms on the Ni based catalyst. An in-depth understanding of 
this change would help in designing catalysts that are much more efficient for the reforming of 
tars. 
We have, thus far, focused only on bimetallic Ni based catalysts. In the future, it would be 
extremely interesting to study the affect of two promoters on the activity as well as the sulfur 
resistance of a Ni catalyst. We have gathered from our work that Sn improves the sulfur 
resistance of the Ni catalyst while Ru greatly improves its activity. Thus, a catalyst containing 
both Ru and Sn besides Ni might be expected to have much higher activity in the presence of 
sulfur than either of NiSn or NiRu. Likewise, the addition of W to Ni based alloys significantly 
improved its resistance to sulfur. Therefore, a catalyst that contains both Ru and W would be 
expected to have much higher activity in the presence of sulfur than either NiW or NiRu. 
We have also largely focused on improving only the sulfur resistance of the catalyst. 
However, another major cause for catalyst deactivation is coking[23-27]. In the ethylene 
reforming reactions performed for this study, we used an extremely high steam to carbon ratio 
in order to prevent coking. This is not very energy efficient and would not be practical in an 
industrial setting. Thus, it is important to improve the coking tolerance of these sulfur resistant 
Ni bimetallic catalysts. The addition of Sn to Ni is known to improve its resistance to coking. 
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However, as mentioned earlier, Sn greatly reduces the activity of the catalyst during the steam 
reforming of ethylene. Our results indicate that the NiRu catalyst had higher activity for the 
steam reforming of ethylene than either pure Ni or pure Ru. Thus, Ru can be added to the NiSn 
catalyst to offset the decrease in activity caused by the Sn atoms. A catalyst containing Ni, Sn 
and Ru might have a much higher resistance to coking and sulfur poisoning while still retaining 
high activity for the reforming of ethylene.  
We have used incipient wetness to synthesize the catalysts used in this work. This technique 
does not give us much control on the size as well as the dispersion of the metal particles in the 
catalysts. In fact, the metal crystallites were fairly large in size and the dispersion fairly low in 
all the catalysts we used in this study. Techniques such as atomic layer deposition, electroless 
deposition, vapor deposition and sol gel process can give us more control over the size and 
dispersion of the catalyst[28-32]. It is entirely possible that we might lose a lot of control over 
size and dispersion at high temperatures of over 800°C. However, it is has been reported by 
several researchers that the synthesis technique can significantly change the properties of the 
catalyst and should therefore be explored in greater detail[28, 33]. 
Several studies in the past have reported that the support plays a very important role in 
catalyst behavior and activity[34-37]. The support significantly impacts the reducibility of NiO 
to metallic Ni. We used alpha alumina as the support in this study. Our results indicate that the 
NiW catalysts do not reduce completely even at temperatures as high as 900°C. The presence of 
oxides in the NiW catalyst lowered the activity of the catalysts. Previous studies have shown 
that these oxides can be completely reduced by using supports such as SiO2-Al2O3 and Al2O3-
TiO2[7, 38].Supports can also affect other catalyst deactivation mechanisms such as sintering and 
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should be investigated in greater detail in order to improve the activity of Ni based 
catalysts[37]. 
We characterized the reduced and post reaction catalysts using a variety of different 
techniques mentioned earlier in this chapter. However, we would be able to obtain much more 
information about the changes occurring on the catalyst surface if we characterize the catalysts 
in situ as the reaction progresses. This would give us precise details about the changes that 
occur as a result of several deactivation mechanisms including poisoning, oxidation and 
sintering. 
6.6 Further improving DFT models  
Theoretical models need to be constantly improved in order to make them more realistic. 
Catalyst surfaces have numerous kinks and defects[39-41]. We have not taken that in to account 
while creating the models used in this study. It is important to identify the sites – step or terrace 
– that would be occupied by the second metal in the Ni alloy. Thus, in the future it would be 
beneficial to study hydrocarbon and sulfur adsorption on both step and terrace sites.  
As we progress towards studying more complex hydrocarbons, we need to change our 
model, by increasing the size of the unit cell, to fit this requirement. Tars are a mixture of 
several hydrocarbons. Therefore, it would also be extremely interesting to study the effect of 
one or more hydrocarbons adsorbing on the surface at the same time both in the presence as 
well as absence of H2S.  
The thermochemistry of all the intermediates produced on the way to syngas need to 
investigated more extensively. In this work, we used the nudged elastic band (NEB) 
calculations to determine the reaction pathway for H dissociation from ethylene on Ni(111) and 
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Ru0.25Ni0.75(111) were extremely helpful. However, we did not study all the intermediates 
involved in the conversion of C2H4 to syngas in the presence of steam. Thus, there is a need to 
develop the complete mechanism for syngas production using both theoretical techniques like 
DFT and experimental techniques like temperature programmed desorption (TPD) and high 
resolution electron energy loss spectroscopy (HREELS).  
As mentioned earlier, the support used in a catalyst can significantly change its properties. 
However, we have not taken in to account the effect of the support in our theoretical models. It 
would be useful to study support effects using both experimental techniques as well as DFT. For 
instance, a model of a Ni alloy supported on Al2O3 would give us information about the 
interactions between the support and the metal. It would also highlight the changes caused in the 
electronic structure of the metal in the presence of the support.   
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Appendix A.  Equations used to compute adsorption and reactions energies of different 
species. 
(A.1) EC2 H4  EC2 H4 /1/ 9MLSNi8Ru  E1/ 9MLS / Ni8Ru  EC2 H 4  
(A.2)EC2 H 4  EC2 H 4 /1/16MLSNi12Ru4  E1/16MLS / Ni12Ru4  EC2 H 4  
(A.3) 
H2S(gas) H2S(ads) E1  E H2S / slab  E H2S  Eslab
H2S(ads) SH(ads) H(ads) E2  ESH / slab  E H / slab  E H2S / slab  Eslab
SH(ads) S(ads) H(ads) E3  ES / slab  E H / slab  ESH / slab
C2H4(gas) C2H4(ads) E4  EC2 H4 / slab  EC2 H4  Eslab
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Appendix B.  Equations used to compute adsorption and reactions energies of different 
species. 
(B.1) CଶHସሺ୥ୟୱሻ ↔ CଶHସሺୟୢୱሻ		∆Eେమୌర	ୟୢୱ ൌ Eେమୌరିୱ୪ୟୠ ൅	Eୱ୪ୟୠ ൅ Eେమୌర  
(B.2)  		ܵሺ୥ୟୱሻ ↔ Sሺୟୢୱሻ		∆Eୗ	ୟୢୱ ൌ Eୗିୱ୪ୟୠ ൅	Eୱ୪ୟୠ ൅	Eୗ 
 
